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Abstract 

This thesis focuses on modulating the innate immune responses with chemical tools with 

two specific goals: (1) to improve vaccines by determining the best way to elicit immune 

signaling from the cells with the strongest signaling capability and (2) to better understand the 

biological mechanisms that lead to allergic contact dermatitis and provide potential therapeutics 

to treat this condition.  Vaccines are one of the best ways to prevent disease in humans and 

animals; by this prevention of disease, vaccines extend survival and improve quality of life. 

Vaccines work by educating the immune system to recognize a particular pathogen without risk 

of getting the disease.  Vaccines rely on antigen presenting cells to signal to adaptive immune 

cells to generate a robust and specific protective response.  In this work, I isolate and 

characterize first-responding dendritic cells (FRs), a subset of dendritic cells that (1) show 

increased responses to pathogen associated molecular patterns, (2) facilitate adaptive immune 

responses by providing the initial paracrine signaling, and (3) can be selectively targeted by 

vaccines to modulate both antibody and T cell responses in vivo. Additionally, by targeting the 

FRs with a synergistic TLR agonist formulation, we demonstrate that we can enhance the FR 

cytokine response for TNF-α, IL-6, and IL12-p70. Additionally, we reduce bulk population 

cytokines using a brefeldin loaded liposome that selectively targets FRs, ablating their signaling 

function.  These results demonstrate the importance of FRs in generating large scale immune 

responses necessary to provide robust antibody protection against disease, and how these FRs 

can be targeted by vaccines to optimize results. 

Allergic contact dermatitis (ACD) is a condition in which an individual has an 

inflammatory response to small compounds called contact allergens. ACD is estimated to affect 

up to 20 % of the USA’s population and is characterized by a sensitization phase and elicitation 
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phase.  ACD is the most common occupational hazard in the United States, resulting in millions 

of dollars of productivity loss per year.  In this work, we identify honokiol as the first known 

compound to reduce both sensitization and elicitation to dinitrochlorobenzene, a model hapten.  

Additionally, we identify IRF-3 is a key inflammatory transcription factor in the ACD response.  

These findings promise to enable novel classes of therapeutics for ACD. 
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Chapter 1: Introduction 

1.1 Introduction to Vaccines 

 Vaccines are one of the best ways to prevent disease in humans and animals; by this 

prevention of disease, vaccines extend survival and improve quality of life.1 Vaccines work by 

educating the immune system to recognize a particular pathogen without risk of getting the 

disease.2,3 Vaccines are typically designed empirically, containing a live or attenuated form of 

the pathogen.4,5, This design has been successful for a handful of diseases, leading to eradication 

of diseases such as diphtheria and small pox; however, it presents certain challenges for other 

diseases. 6,7,8  For example, some inactivated pathogens do not elicit a strong protective immune 

response that is desired for vaccines.9 Additionally, there are other important factors, such as side 

effects or storage requirements, that could make a vaccine fail in clinical trials.  To overcome 

these challenges, it is important to have a clear picture of the biological framework for how the 

body responds to these vaccines, as well as adaptable tools that can effectively modulate the 

protection induced by the vaccine. 

1.2 Innate and Adaptive Immune System 

There are two branches of the immune system: the innate immune system and the 

adaptive immune system.  Both parts of the immune system are critical in preventing disease and 

are linked to each other via feedback mechanisms.   The innate immune system is the body’s 

initial line of defense against a pathogen; it acts swiftly and non-specifically.10 Innate immune 

cells detect exposure to a pathogen via pattern recognition receptors (PRRs) that recognize 

pathogen associated molecular patterns (PAMPs). PRR detection of a pathogen is a key early 

step in the immune response to protect the body from the pathogen.11  After PRR activation, 
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chemical signals, such as cytokines and chemokines, are released to the surrounding 

environment.  These chemical signals recruit antigen presenting cells (APCs), such as dendritic 

cells, macrophages, and B cells, to the site of infection.12,13  APCs become activated by PAMPs, 

and start phagocytosing pathogens, as well as cellular debris.10 Protein fragments of the 

phagocytosed material are processed and expressed on the major histocompatibility complex 

(MHC) on the cell surface.  The presentation of the protein fragments on the surface acts as a 

signal to indicate which antigens the APC has encountered.14  This surface presentation, 

commonly known as antigen presentation, is the crucial link between the innate and adaptive 

immune systems.  In addition to presenting antigen, the APCs expression other surface receptors 

that are necessary for costimulation, such as CD40 and CD86.  These costimulatory proteins are 

important for the APC’s ability to signal to and activate T cells.5 

After activation, the APC travels to the lymph node, where it will eventually encounter a 

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

The costimulatory proteins on the APC are secondary signals to the T cell that induce the T cell 

to expand, resulting in more T cells that express the same TCR on their surface.  This T cell 

expansion increases the chances that a T cell with this TCR encounters a B cell that has 

encountered the same pathogen as the initial APC, and therefore is presenting the same antigen 

as that initial APC.  When this T cell discovers such a B cell, the B cell proliferates and 

differentiates into memory B cells and plasma B cells.  Memory B cells remain in circulation for 

an extended period of time and provide a memory response to a specific pathogen.  Plasma B 

cells produce antibodies that bind to and neutralize a specific pathogen, helping to prevent 

infection. 
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1.3 Pattern Recognition Receptors 

There are multiple subclasses of pattern recognition receptors (PRRs) that allow the 

immune system to recognize and react to pathogen-associated molecular patterns (PAMPs).  

Some of these subclasses of PRRs include nucleotide-binding oligomerization domain (NOD), 

retinoic acid-inducible (RIG) receptors, C-type lectin receptors (CLRs), and toll-like receptors 

(TLRs). When PRRs recognize a PAMP, a signaling cascade is induced, resulting in immune 

activation.  PRR activation by PAMPs can often lead to strong and effective immune responses.   

TLRs are the best characterized PRRs; they recognize PAMPs that are ubiquitously 

expressed on pathogens.  As a result, TLRs are actively being studied as target receptors for 

vaccine adjuvants.  There are 10 different TLRs in humans that recognize different PAMPs, but 

TLRs share some common structural motifs.15  TLRs contain a horseshoe-shaped motif 

comprised of several leucine-rich repeat units (LRRs).  Two TLRs are able to form a constitutive 

dimer around these LRRs.  TLRs dimerize as either homodimers or heterodimers.   

TLRs are found in two different locations of the cell.  Certain TLRs, such as TLR 1, 2, 4, 

5, and 6, are found on the cell surface.  These TLRs recognize PAMPs that are generally found 

on the surface of a pathogen, such as bacterial cell membrane and cell wall components. Other 

TLRs, such as TLR 3, 7, 8, and 9, are found in the endosome.  These endosomal TLRs recognize 

PAMPs that are found inside of a pathogen, such as RNA or DNA.  After PRR activation, a 

signaling cascade is generated leading to activation of immune transcription factors, such as 

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and interferon regulating 

factor (IRF).16,17  By transcribing cytokines, chemokines, and cell surface receptors, these 

transcription factors help orchestrate the overall immune response. 
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1.4 NF-kB and IRF: Key immune Transcription Factors 

 NF-kB and IRF each represent a family of pleotropic transcription factors that regulate a 

large array of genes involved in immune and inflammatory responses.18,19 The canonical 

activation of NF-kB happens via PRR signaling.20  Upon activation, NF-kB translocates into the 

nucleus where it controls the transcription of over 400 immune genes.21 The specific 

transcriptional activity of NF-kB is dictated by the particular receptor that was activated.  NF-kB 

consists of two subunits – one subunit is a DNA binding domain, and the other subunit is a 

transcriptional activator domain.  These subunits dimerize to bind a specific DNA sequence, 

activating transcription.22 As a result, NF-kB activity results in pro-inflammatory signals, such as 

cytokines and cell surface markers, that dictate the large scale immune response that can lead to 

long-term immunity.23,24  Some pro-inflammatory genes controlled by NF-kB include TNF-α, 

IL-6, CD86, MHC1, and TLR2.25 

 Similar to NF-kB, IRFs are a class of transcriptional factors that regulate immune 

responses that are activated by PRR signaling.  Each IRF has distinct biological activity, but 

overall, IRFs are known to be the key antiviral transcription factors.19  Upon activation, IRFs 

regulate a class of cytokines known as interferons (IFNs).  There are two types of IFNs.  Type 1 

interferons, such as IFNα and IFNβ, that limit the spread of viral agents via promoting antigen 

presentation and natural killer cell activity, while restraining pro-inflammatory pathways.  

Additionally, they activate the adaptive immune system by promoting the development of 

antigen specific T and B cell responses.26 Type II IFN expression results in nitric oxide 

production – a known antiviral agent –, as well as dendritic cell maturation and MHC II 
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presentation.27  Overall, the activity of NF-kB and IRF help determine the scale and nature of an 

immune response.  

1.5 Heterogeneity in the Immune System 

The bulk output of an immune response represents the combined behaviors of a highly 

diverse ensemble. Many unique subsets of cells work together to fight a range of potential threats 

and maintain long-term memory. 28,29 The interplay between these groups of cells establishes 

checks and balances, which is essential to the function of the immune system.  Measuring the 

immune response in bulk populations does not capture the unique contributions of individual 

cells, particularly when behaviors are highly heterogeneous, or driven by rare cell types.30  

To study the diversity of the response, “top down” approaches have been employed to 

break down a system into distinct subpopulations based on the expression of cell surface 

markers.  This approach has allowed for cataloging major immune cell types and establishing 

functional divisions.  For example, multiple subsets of dendritic cells exhibit pathogen 

specificity, unique cytokine profiles, and antigen specific cell pairing.31  A major drawback of 

this approach is that it depends on pre-selection of known cell markers, creating bias in 

experiments and focuses studies on cell surface classification.  Moreover, cells in each bin get 

averaged in the analysis of the experiment, blurring the heterogeneity within bins.32  

To circumvent these issues, “bottom up” approaches have been developed that study 

genetic and protein processes at a cellular level.  Single cell RNA profiling is a method of 

profiling the individual response of cells to immune stimulation.  Two common RNA profiling 

approaches are RNA-FISH and single cell RNA-Seq. RNA-FISH has been used to probe RNA 

expression and spatial orientation, while single-cell RNA-Seq helps uncover structure in cellular 
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heterogeneity that can identify novel cell types.33 RNA profiling has allowed researchers to 

determine that stochastic cytokine signaling, such as IFN-β, and IFN-γ, from a limited number of 

cells can shape an immune response.34,35 Studying protein composition and activity can also 

elucidate individual cell function.  Fluorescent based techniques and flow cytometry techniques, 

such as CyTOF, are useful tools for studying protein roles that affect immune response.36  For 

example, a small subpopulation of CD8+ T cells maintain high levels of CD25 after acute viral 

infection, leading to long-lived memory cells.37 Overall, these single cell profiling techniques are 

crucial for studying the heterogeneity of the immune system. 

1.6 Heterogeneity of Dendritic Cells 

Dendritic cells (DCs), named for the dendrites that extend from the cell, are key immune 

cells, as they link the innate and adaptive immune system.  They have an important role in 

recognizing PAMPs, presenting antigen, via MHCs and facilitating adaptive immune 

responses.38 For dendritic cells, functional heterogeneity is critical in the complex process of 

initiating adaptive immune responses.  Dendritic cells are broken down into four main subsets 

based on transcriptional and surface markers: plasmacytoid DCs (pDC), type 1 classical DCs 

(cDC1), type 2 classical DCs (cDC2), and monocyte-derived DCs (mo-DCs).31 pDCs are master 

regulators of type I interferons, making them specialists at responding to viral infection.39,40  

cDC1s are characterized by a high intrinsic ability to cross present antigens via MHCI.41  cDC1s 

also excrete high levels of IL-12, promoting Th1 and natural killer responses.42  cDC2s have 

high levels of PRRs and secrete high levels of cytokines, such as TNF-α, IL-6, and IL-10.43  

cDC2s are potent activators of helper and cytotoxic T cell subsets.44,45,46,47 Mo-DCs, unlike other 

DCs, remain at the site of inflammation, expand resident populations, and release inflammatory 

signals.48  Each subpopulation of DC has a nuanced, integral role in the immune system. 
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Even within subtypes, DC populations have heterogeneous responses to immune 

stimulation. For example, in bone marrow derived DCs,  a stochastically arising and small 

population of high IFN-β secreting cells was observed; and in pDCs, a similar stochastic 

response for IFN-α release was identified via single-cell mRNA sequencing.35,49 Moreover, DC 

functionality varies by tissue location, even within the same lymphoid structure.50,51 These 

studies suggest that DCs exist in a range of phenotypes and functionalities that is not captured by 

the subclasses of DCs.  This work aims to provide a clearer picture of the how heterogeneity in 

DC populations affects the overall immune response. 

1.7 History of Vaccines 

 Throughout history, vaccines have taken a multitude of forms.  As early as 430 BC, it 

was identified that people who survived smallpox did not get reinfected with the disease.  From 

this observation, it was deduced that our bodies have complex mechanisms that allow us to 

remember past infections. This idea led to the innovation of the first vaccine, where a small 

amount of small pus material was transferred from an infected person to a non-immune patient – 

a process named inoculation –.  The pus material was scratched into the skin, with the idea that 

the patient would have a mild, yet protective infection.  An issue with this initial vaccine, was 

inoculation resulted in illness that would last weeks to months.52  

The second generation of a smallpox vaccine came from Edward Jenner in the 1700s.  

Jenner noted that milkmaids who had previously been infected with cowpox did not show 

symptoms upon infection with smallpox.  This intriguing connection resulted in an improved 

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

much less severe disease.52  From Jenner’s cowpox inoculation, we learned that less harmful 

diseases could be used to protect against more severe diseases.  Eventually, this idea manifested 
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into the concept that pathogens could be attenuated by adapting them into other species before 

inoculation to make them less infectious before injecting these pathogens into humans for 

vaccines.53  For example, Albert Sabin used a rodent-adapted polio virus to use as a vaccine 

against polio.  Later, Jonas Salk discovered that chemically inactivating a virus could also lead to 

long-lasting immunity, while improving the safety of the vaccine.54,55. These innovations were 

critical for the development of many modern vaccines. 

1.8 Vaccine Types  

There are four main categories of vaccine as denoted by the World Health Organization.  

These categories are live attenuated, inactivated, toxoid, and subunit vaccines.56 Live attenuated 

vaccines are vaccines that consist of a weakened form of a live virus.  This attenuation is 

achieved by passage through a foreign host. A pathogen can be attenuated in vitro using tissue 

culture or in vivo through embryonated eggs or live animals.57,58 The foreign host selects for a 

host-optimized virus, with the virus eventually becoming so optimized for the host that it loses 

infectiousness to humans.  This attenuation process makes it easier for the human immune 

system to eliminate the pathogen but keeps the necessary components of the pathogen that lead 

to a strong memory response.  Live attenuated vaccines result in strong immune activation, 

because an intact virus is administered.33 These vaccines are typically low cost, as they contain 

just the virus, and no additional components.  One major disadvantage of the live attenuated 

vaccine is that the virus can mutate back to an infectious variant, which can be of issue to 

immunocompromised patients.  As a result, immunocompromised people are not recommended 

to receive a live attenuated vaccine; as such, they rely on herd immunity to be protected from the 

pathogen.  Another disadvantage of the live attenuated vaccine is that it needs to be stored in a 

proper environment for the virus to remain viable.  These storage issues present problems for 
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shipping and maintaining the vaccine during distribution.59 Some examples of live attenuated 

vaccines are tuberculosis, yellow fever, and measles. 

Inactivated vaccines are composed of a pathogen that has been inactivated using heat or a 

chemical method, such as using formaldehyde. This inactivation results in a non-infectious 

pathogen that can safely be used in vaccination. Unlike the live attenuated vaccine, 

immunocompromised people are recommended to receive an inactivated vaccine, because there 

is no fear of infection.  An inactivated vaccine often requires a booster, as inactivation reduces 

the overall scale of immune response induced by the vaccine.  Some examples of an inactivated 

vaccine are the seasonal influenza vaccine and the pertussis vaccine.57 

The toxoid vaccine is another class of vaccine that is made of inactivated components.  In 

this instance, the toxin that generated by the pathogen is inactivated by heat or formaldehyde.  As 

a result, immunity is developed against the toxin produced by the pathogen and not the pathogen 

itself.  The tetanus vaccine or the diphtheria vaccine are examples of this type of vaccine.57 

A subunit vaccine consists of a protein or sugar (or set of proteins/sugars) produced by a 

particular pathogen.  This protein or sugar acts as the antigen in this type of vaccine.  The antigen 

is usually expressed in a different virus or bacteria creating a recombinant pathogen.  Since the 

antigen is expressed and purified in a laboratory setting, the subunit vaccine is favored over the 

other types of vaccine, because it has increased control over purity, dosage, and reproducibility 

of antibody generation.57  Additionally, a subunit vaccine typically has better shelf-stability than 

other types of vaccines.  One major drawback of the subunit vaccine is that the antigen in the 

subunit vaccine is generally not immunogenic, so adjuvants, or immuno-stimulatory compounds, 

must be added to the vaccine in order to elicit an immune response.  Determining the appropriate 

adjuvant for a specific subunit vaccine is a complex and poorly understood process, which leads 
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to issues in clinical trials of subunit vaccines.  If the adjuvants are too strong or too weak, the 

vaccine will either induce strong side effects or not be protective, respectively, resulting in a 

failure of clinical trial.60  An example of a subunit vaccines is the COVID-19 vaccine. 

1.9 Vaccine Development and Adjuvants  

There is an ongoing need to develop new vaccines for disease that threaten public health, 

such as HIV and malaria, as well as emerging diseases, such as new coronavirus variants.  

However, most vaccines are empirically derived with little understanding of their mechanism of 

action.  This lack of understanding makes it difficult to design novel, effective vaccines.  A 

vaccines effectiveness is dictated by its composition.  A vaccine has two main components: an 

antigen and an adjuvant.  Since an antigen alone typically has low immunogenicity, an adjuvant 

is added to a vaccine that increase the immune response, leading to improved protection.61 

Ideal adjuvants have a long shelf-life, are biodegradable, inexpensive, and promote the 

desired immune response against the antigen of interest.61,62 Currently, there are very few 

adjuvants that are approved by the FDA for use in humans.63 The most common adjuvant is 

alum, an amorphous aluminum salt. The adjuvanticity of alum was discovered in 1920, when its 

addition to vaccines lead to increased effectiveness.  Although there are many 

immunostimulatory compounds, alum was the only FDA approved adjuvant for use in humans 

for many years. 

Recently, additional adjuvants have been approved for use in humans in the United 

States.63 MF59 is an oil-in-water emulsion composed of squalene.  This adjuvant improves 

immune cell infiltration and aids in transport of antigen to the lymph node.  Other adjuvants use 

synthetic PAMP-like compounds that activate TLRs.  For example, AS04 is composed of 
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monophosphoryl lipid A (MPLA), a TLR4 agonist, and alum, leading to an improved immune 

response. While these approved adjuvants have aided vaccine development against a handful of 

diseases, there are many diseases that cannot be vaccinated against with current vaccine 

technologies; new and improved adjuvants need to be generated to protect against these diseases. 

Historically, adjuvants have been formulated using a single immune agonist.  Recently, 

adjuvants that are composed of multiple types of immune agonists have shown promise.  One 

example of this type of adjuvant is AS01B, which consists of MPLA and QS-21, a natural 

component found in the Quillaja Saponaria tree.64 This adjuvanting strategy has elicited some 

success, because it induces an enhanced immune response, known as immune synergy, which 

can improve the protectiveness of vaccines. 

1.10 Adjuvants and PRR Synergies  

With the need for new adjuvants that generate a specific immune response, PAMPs are 

being utilized as adjuvants to increase immunogenicity without increasing toxicity. Natural 

pathogens contain more than one type of PAMP. To better mimic pathogenic composition, 

multiple agonists have been used in an adjuvant to synergistically enhance the immune response.  

These improved responses can also result in reduced amounts of adjuvant and antigen used in a 

vaccine.65,66 Synergistic adjuvants can also dictate the type of response generated by 

simultaneous activation of specific PRRs.  TLR agonists are at the forefront of adjuvant 

development; because TLR activation can result in a strong cellular Th1 response, which many 

subunit vaccines lack.67,68 

The discovery of synergies between multiple PRRs has led to incorporation of multiple 

agonists in vaccine formulation.  For example, simultaneous TLR4 and TLR7 activation results 



12 
 

in a synergistic expression of various pro-inflammatory cytokines, such as IL-1β and IL-6.69  

Because of this synergy, this TLR combination has been targeted by adjuvants in influenza 

models, resulting in a long-lasting, Th1/Th2 balanced response.70  In another example of 

synergy, TLR 2 and TLR9 have been stimulated in mice to induce strong protection against lung 

infection from a bacteria that causes pneumonia.71  Since TLR synergy has resulted in improved 

protection, research efforts have targeted these receptors with chemically and spatially-linked 

vaccine delivery systems, with the goal of inducing even more protective responses. 

1.11 Vaccine Delivery Systems  

 Vaccine delivery systems can influence the spatial and temporal organizations of the 

adjuvant and antigen, resulting in an altered immune response to the vaccine.  Common delivery 

systems include unlinked formulations, chemically conjugated formulations, and nanoparticle (or 

microparticle) formulations.  In an unlinked formulation, adjuvant and antigen are dissolved into 

a solvent and injected as is.  There is no chemical modification or encapsulation process in this 

type of formulation.  The unlinked formulation is the most rudimentary type of formulation and 

is often used to initially test the efficacy of an adjuvant.  

 In a chemically conjugated formulation, an agonist is chemically bonded to another 

agonist and/or antigen to spatially link the molecules.  Since PAMPs in pathogens are spatially 

linked, chemically linking these molecules can attempt to mimic the spatial orientation of these 

compounds in a pathogen.  In one study, TLR2, TLR4, and TLR9 agonists were linked via 

different sized PEG linkers showing that the spatial distance between agonists can alter the 

immunogenicity of a system.11,72 Evaluation of these linked system indicates that the specific 

combination of agonist, as well as steric interactions, impact the immune response to these 

systems. Developing more potent and effective immunostimulants via linkage has led to 
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incorporation of these compounds in vaccine formulations.  The first example of this was CL429, 

which activates TLR2 and NOD2.73  CL429 was used to adjuvant an HIV-1 subunit vaccine that 

resulted in higher antibody titers when compared to each of the individual agonists or a free 

mixture equivalent of both agonists.  Covalently linked PRR-agonist research was further 

explored with the development of a triagonist molecule that is composed of TLR 4, TLR 7, and 

TLR 9 agonists.74,75 This molecule increased the antibody response to vaccinia virus antigen and 

elicited a balanced Th1/Th2 response compared to the unconjugated agonists.  These studies on 

covalently linked agonists demonstrate that the spatial orientation of an adjuvant has a large 

impact on the immune response 

 Nanoparticles are common vaccine delivery system.  With these particle formulations, 

molecular cargo, such as adjuvant and antigen, can either be loaded in the interior of the particle 

or attached to the surface of the particle, allowing for spatiotemporal control of delivery.  There 

are many chemical and immune factors that make particle formulation an attractive option. First, 

encapsulated vaccine cargo can have improved stability, since it is protected from chemical 

degradation until it has reached an immune cell, and particle formulations help facilitate DC 

uptake.76  By facilitating DC uptake, these particles help shepherd the vaccine to the cells that 

will maximize their immunological impact, resulting in enhanced cross-presentation.77,78   When 

formulating particles, it is important to consider the size of the particles, because size influences 

uptake and cargo release, altering the immune response.79  

Two common types of particles used in vaccine delivery are microspheres, often made from 

poly(lactic-co-glycolic acid) (PLGA), and liposomes, made from lipids.  These particles are 

engineered to be roughly the size of bacteria.80 PLGA is a biodegradable, biocompatible, and 

most importantly FDA approved, plastic polymer that has been used multiple research efforts for 
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vaccine formulations.81  Another advantage of PLGA, is that PLGA degrades in physiological 

conditions over weeks, which leads to a slow time release of molecular cargo.  If applied 

appropriately, this slow time-release of cargo can remove the need for a patient to receive a 

second injection or booster vaccine.82 PLGA has been used to enhance MHCI and MHCII 

presentation by over 50-fold compared to soluble antigen and can improve cross presentation 

with 1000-fold lower concentration of soluble agonist. 83,84  Another type of plastic microsphere 

that has been used in vaccine research is a polystyrene (PS) microsphere.  The PS microsphere 

can be coated with a siloxane core that reduces immunogenicity of the particle and allows for 

covalent attachment of PRR agonists.85 This PS formulation has been used to isolate and target a 

highly active dendritic cell subpopulation that improves immune responses.86 

Liposome nanoparticles have become an important vaccine delivery system.  A key 

advantage of liposomes is their versatility and plasticity.  Liposome composition can be chosen 

to achieve desired features such as charge, size, and location of cargo.87 Depending on the 

chemical properties of the cargo, hydrophilic compounds can be entrapped within the aqueous 

inner space, whereas hydrophobic compounds can be intercalated into the lipid bilayer.88  

Additionally, antigen can be attached to the liposome surface by adsorption of chemical 

linking.89 Subunit liposome vaccines have been used to improve antibody response in a HIV-1 

gp41 (N-MPR) model in mice.90  Liposomes can also be formulated as mRNA vaccines, which 

have been used to attenuate pulmonary fibrosis.91 The choice of formulation is important to a 

vaccine’s efficacy.  Covalent linking of adjuvant/antigen and particle formulation can be ways to 

improve the antibody response of a vaccine. 
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1.12 Synergistic Vaccine Delivery: Design and Efficacy and Challenges 

 In an attempt to mimic the spatial orientation of pathogens, synergistic adjuvants have 

been included in microsphere and liposome delivery systems.92,93 Both PLGA particles and 

liposomes have been developed to encapsulate or adsorb dual or tri combinations of 

agonist.94,95,96 Mice immunized with multi-agonist formulations have demonstrated distinct 

change in the immune response compared to the use of one agonist or antigen alone.  These 

immune responses include high avidity antibodies and balanced Th1/Th2 responses, while 

having an improved safety profile compared to commercial adjuvant systems.97,98,99,100  By 

improving long-term protection and safety, a handful of synergistic adjuvants have been 

employed in clinical trials. Some of these adjuvants include AS01 and AS02, which target TLR4 

and NLRP3, AS15, which targets TLR4 and TLR9 and CAF09 which targets TLR3 and Mincle 

receptor.101 

 With the advances of synergistic adjuvants in the clinic, new adjuvant development 

should employ the knowledge gained from clinical and fundamental synergistic studies.  

Researchers have begun to apply the immunogenicity profiles of pathogens to engineer improved 

vaccines. For example, M. tuberculosis activates TLR 2, 4, and 9.102 Combining all three 

agonists into an adjuvant may improve M. tuberculosis vaccines. 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.  These capabilities can be incorporated into new technologies by using covalent 

chemistries and nanoparticulate systems. 

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

bio-physicochemical 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. Correlating synergistic vaccine formulations to these measures of efficacy will 

provide a more comprehensive understanding of the relationship between vaccine composition, 

resulting immune responses, and adjuvant and vaccine efficacy. 

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

profile of the vaccination materials.103 For example, the amount of systemic cytokines, cell 

viability, and off-targets effects should be monitored. Several considerations, including 

formulation and administration route, can drastically alter the immune response. Particulate 

formulation or additives, such as oil-in-water emulsions, can enhance the immune response and 

may be an alternative approach to develop potent adjuvants, while avoiding toxic side 

effects.104,105 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. With these considerations in mind, the application of immune synergies to 

modulate the immune response is a powerful tool for novel and more rational adjuvant 

discovery, thereby impacting future development of safer and more effective vaccines.  In this 

work, we use particle delivery systems to enhance immune response to vaccines by targeting 

stochastically active DCs. 

1.13 Setting the Stage: Allergic Contact Dermatitis  

Allergic contact dermatitis (ACD), or contact dermatitis, is a chronic skin disorder 

accompanied by clinical symptoms of rashes, itchiness, and inflammation in the lesion area that 

affects an estimated 20 % of the population.106,107,108 Additionally, as of 2021, there were 9.2 
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million cases of ACD in children, with 217,000 cases of ACD resulting in emergency room 

visits.  When comparing reported allergic information in 2021 to 2014 the percent of skin 

allergies in children  has increased from 11.7 % to 12.6 %, indicating that ACD is becoming a 

larger issue in the United States.109 Contact dermatitis is currently the largest occupational work 

hazard in the United States, accounting for 20% of occupational health incidents, resulting in 

significant economic loss.110,111,112  

 Currently, treatments for ACD are focused on reducing symptoms after allergies have 

been developed. The most common methods for treating ACD is to apply either topical 

corticosteroids or emollients.  To treat ACD, topical corticosteroids are applied to the site of 

inflammation.113  Topical corticosteroids are powerful anti-inflammatory compound that are a 

cheap and effective method of reducing inflammation in ACD.  However, they do not completely 

irradicate inflammation, and repeated usage of these compounds can result in a variety of 

negative side-effects, including muscle atrophy, bone loss, and diabetes.114,115,116,117  Emollients 

are less common than corticosteroids as a treatment for ACD.  They are applied directly to the 

skin and provide a film of protection against exposure to contact allergens.  In addition to 

providing a physical barrier, emollients often include anti-inflammatory compounds to mitigate 

inflammation.118  

1.14 Hypersensitivity Reactions 

Allergic reactions are defined by an exaggerated immunological response to an antigen or 

allergen.  These responses are broken down into four different hypersensitivity reactions, in 

which the immune system gets activated in a way that damages the body rather than protecting it.  

Type I, II, and III hypersensitivity reactions result in immediate inflammation, while type IV 

hypersensitivity has delayed inflammation.10,119  
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Type I hypersensitivity is the most common type of allergic response and occurs upon 

exposure to allergens such as dust mites or pollen.120,121 Type I allergens react with allergen-

specific IgE antibodies on the FcεRI receptor of mast cells, resulting in the release of granules 

that contain inflammatory mediators such as histamine. Symptoms of type I hypersensitivity are 

often mild, such as runny nose, sneezing, but in some cases, symptoms can be more serious, such 

as breathlessness and asphyxiation. 122  

Type II hypersensitivity is characterized by an antibody response after a small, reactive 

small molecule binds to the cell’s surface. A type II hypersensitivity allergen, such as penicillin, 

binds to a red blood cell to form an antigen-cell complex, stimulating B cells to produce IgG or 

IgM antibodies against the new antigen.123  If severe, this antibody response can activate the 

complement system or an enzymatic cascade.  These responses are cytotoxic, ultimately killing 

the host’s red blood cells, which can result in local tissue damage.124  

Similar to type II hypersensitivity, Type III hypersensitivity is also mediated by 

antibodies that recognize self-antigens. In contrast, type III hypersensitivity occurs when 

chemically reactive small molecules covalently bind soluble proteins as opposed to the surface of 

the cells. As a consequence, the antibodies bind these antigen-protein complexes to form 

immune complexes that can activate the complement system.125,126 Type III  hypersensitivity 

reactions can typically be seen as serum sickness and Arthus reaction.119  

Unlike other models of hypersensitivity, type IV hypersensitivity is mediated by allergen-

specific T cells.127,128 Type IV hypersensitivity is induced when an allergen or a chemically 

reactive compound penetrates the skin and reacts with human proteins to generate haptens. 

Although the exact process of hapten recognition is still unclear, activated dendritic cells migrate 

to the lymph node to stimulate proliferation of hapten-specific T-cells.129 Upon re-exposure to 
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haptens, inflammation in the form of rash and swelling can be observed. Allergic contact 

dermatitis (ACD) is considered to be a type IV hypersensitivity reaction but type IV 

hypersensitivity can also occur in inflammatory and autoimmune disease as well as in tissues 

and/or organ transplantation.130 

1.15 Pathology of Allergic Contact Dermatitis 

ACD results from bodily exposure to small, reactive molecules called haptens, which are 

commonly found in cosmetic and fragrance products.  Repeated exposure to these haptens 

induces a delayed type IV hypersensitivity response, in which the immune system has an 

exaggerated inflammation response accompanied by clinical symptoms of rash, itchiness and 

inflammation.106 

This type IV hypersensitivity response is broken down into two distinct phases: the 

elicitation phase and the sensitization phase.  The sensitization phase occurs after initial exposure 

to a hapten.  The hapten react with epidermal proteins, such as HSP90, to form a haptenated 

protein.131  These haptenated proteins are recognized by pattern recognition receptors on skin 

resident dendritic cells (DCs), resulting in a pro-inflammatory response.132 These DCs release 

cytokine and chemokine signals to recruit immune cells, such as T cells and neutrophils that are 

critical for sensitization.106,107   

These DCs present haptenated peptide to naïve T cells. These T cells become activated, 

proliferate, and differentiate into hapten-specific T cells.106 Re-exposure to the same hapten can 

induce skin inflammation and pro-inflammatory cytokines, which are key characteristics of the 

elicitation phase.108  
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1.16 Contact Allergens: An Overview 

Contact allergens are a group of chemical compounds that cause ACD.  There are 

thousands of known contact allergens; and these allergens share three common identifying 

characteristics.106,133 First, contact allergens are low-molecular weight organic compounds. It is 

not well understood why the small compound size is important, but it is hypothesized that the 

smaller compounds can more easily penetrate the skin and react with proteins to form an 

allergen-protein complex, a key initial step in the development of contact dermatitis.134 Second, 

contact allergens are strongly electrophilic compounds.  Contact allergens commonly have 

aldehydes, epoxides, or aromatics in their structure.  These structural groups react with 

nucleophilic amino acids, such as lysine or cysteines on proteins to form an allergen protein 

complex.135 Lastly, the contact allergens must elicit a response from the innate immune system.  

This adjuvanticity of a contact allergen is key to distinguishing it from other common toxic 

chemicals.  Some examples of contact allergens are dinitrochlorobenzene (DNCB), eugenol, 

citral, and cinnamaldehyde.136,137,138,139   

Exposure to contact allergens can happen because of occupational, geographical, or 

habitual reasons. In the workplace, DNCB is a strong contact allergen and, it is a common 

byproduct of many industrial processes, which can result in ACD for workers that encounter 

it.139,140 Additionally, exposure to certain plants that inhabit particular geographic regions can 

also induce contact dermatitis. For example, poison oak and the lacquer tree produce known 

contact allergens.141,142 People can also be exposed to allergens based on habits or choice of 

products that they use.143,144  Many contact allergens have floral or fruity aromas; consequently, 

they are commonly used in fragrance products.109  For example, citral is used in soaps and 

shampoos  because of its strong lemony scent.  Instance of ACD is increasing in the USA and 
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worldwide and is thought to be a result of increased exposure to contact allergens via increased 

industrial processing and inclusion of contact allergens in household products.109 

1.17 In vitro and in vivo Methods to Study ACD 

 Among the thousands of known contact allergens, DNCB is one of the best studied 

contact allergens.  Early work in the contact allergen field established that DNCB on its own is 

not immunogenic; it must bond to a carrier protein to elicit a response.145,146  This work helped to 

establish DNCB as a model contact allergen for scientific study. DNCB has consistently been 

used to elicit contact hypersensitivity in mice in a type of assay, called a local lymph node assay 

(LLNA).147,148,149,150 The general protocol for this assay is to apply a contact allergen, such as 

DNCB, to the shaved abdomen of a mouse for 2 days.  After 3 days of rest, the same contact 

allergen is applied to the dorsum of the ear for 4 days.  This LLNA has helped elucidate the roles 

of specific immune cells, such as neutrophils and CD4+ T cells, cytokines, such as TNF-α and 

IL-6 in ACD.151,152  

 Although the LLNA is an effective way to study ACD, there is a need perform faster and 

cheaper studies on ACD.  Additionally, manufacturing industries wanted to identify contact 

allergens before incorporating these compounds in their product.153  As a result, some in vitro 

assays have been developed to identify and evaluate the potency of chemical sensitizers.  A few 

of these methods include the direct peptide reactivity assay, the human cell-line activation test 

and IL-8 secretion from THP-1 cells.154  The direct peptide reactivity assay (DPRA) is a way to 

predict sensitization by incubating test compounds with peptides containing a lysine or cysteine 

residue.  Liquid chromatography-mass spectrometry is then used to determine whether a protein-

compound adduct has formed; the formation of this adduct classifies a compound as a contact 
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allergen with 54 % accuracy.  A key limitation of the DPRA is that it fails to reproduce the 

physiological conditions of the skin.155,156  

 As an improvement on the DPRA, cellular assays were developed that rely on phenotypic 

changes of antigen presenting cells as markers of skin sensitization. The human cell-line 

activation test (h-CLAT) looks at upregulation of CD54 and CD86 as markers for skin 

sensitization after incubating the THP-1 cells with contact allergen. 157,158,159,160  Upregulation of 

these surface proteins is important for ACD, because CD54 is an adhesion surface molecule that 

is involved in MHCII presentation, and CD86 is a costimulatory molecule that provides 

necessary signals for T cell activation and proliferation.161,162 Upregulation of these cell surface 

proteins has been linked to sensitization with roughly 75 % accuracy. 163,164 In addition to the h-

CLAT, IL-8 secretion in THP-1 cells has been used to predict the sensitization potential of 

compounds with roughly 80 % accuracy  Additionally, stronger chemical sensitizers were linked 

with higher levels of IL-8 secretion, indicating that IL-8 secretion could not only indicate 

whether a compound is a sensitizer, but also could indicate the relative sensitization potential of 

a given compound.165,166 IL-8 was chosen as a readout because it is a strong proinflammatory 

cytokine with a key role of recruiting neutrophils to the site of infection, providing a first line of 

defense against infection.167,168  In ACD, neutrophils have been shown to be required for both the 

sensitization and elicitation phase.107 These evidence indicate that screening for IL-8 is a 

relatively robust way to study the skin sensitizing potential of compounds.  Altogether, these 

efforts have built a foundation for scientific study of ACD.  In this work, we show the 

importance of IRF3 in the ACD response, as well as a novel way to inhibit both sensitization and 

elicitation of ACD, by applying honokiol to the site of exposure. 
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Chapter 2: Isolating and targeting a highly active, stochastic 

dendritic cell subpopulation for improved immune responses 

2.1 Summary 

Dendritic cell (DC) activation via pathogen-associated molecular patterns (PAMPs) is 

critical for antigen presentation and development of adaptive immune responses, but the 

stochastic distribution of DC responses to PAMP signaling, especially during the initial stages of 

immune activation, is poorly understood. In this study, we isolate a unique DC subpopulation via 

preferential phagocytosis of microparticles (MPs) and characterize this subpopulation of "first 

responders" (FRs). We present results that show these cells (1) can be isolated and studied via 

both increased accumulation of the micron-sized particles and combinations of cell surface 

markers, (2) show increased responses to PAMPs, (3) facilitate adaptive immune responses by 

providing the initial paracrine signaling, and (4) can be selectively targeted by vaccines to 

modulate both antibody and T cell responses in vivo. This study presents insights into a 

temporally controlled, distinctive cell population that influences downstream immune responses. 

Furthermore, it demonstrates potential for improving vaccine designs via FR targeting.  

2.2 Introduction 

The complexity and robustness of immune responses rely on heterogeneity in the 

differentiation and functional responses of immune cell subsets. For dendritic cells (DCs), 

functional heterogeneity is critical for initiating adaptive immune responses: if only a fraction of 

a DC population reacts to a given stimulus at a given time, this allows the remainder to respond 

at later times or to other stimuli. Within immune cells, heterogeneity exists broadly—helping 

generate effector and memory subsets and antibody affinity maturation.1 In addition to 
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phenotype, heterogeneity also exists in the functional responses of immune cell subsets, 

including cytotoxic T cells, Th1 cells, and neutrophils.2,3,4 Stochastic distributions of responses 

are especially important for early activation in myeloid cells. Xue et al. characterized a small 

(<5%) population within macrophages that can, in certain conditions, generate >70% of the early 

inflammatory cytokine tumor necrosis factor alpha (TNF-α).5 A similar stochastically arising and 

small population of high interferon β (IFN-β)-secreting cells was observed in a population of 

murine bone-marrow-derived DCs (BMDCs).6 Recently, a population of plasmacytoid 

DCs (pDCs) with similarly high IFNα release at early time points, referred to as 

“first responders” (FRs), were identified via single-cell mRNA sequencing.7 In this study, we 

hypothesized a set of cells that behaved and responded with a similar phenotype, might exist in 

conventional DC (cDC) populations.  

DCs have been extensively studied due to their importance in antigen presentation and 

facilitating adaptive immune responses.8 DCs have been divided into four subtypes based on 

transcriptional and surface markers: (1) pDCs, (2) type 1 DCs (cDC1s), (3) cDC2s, and (4) 

monocyte-derived DCs (mo-DCs).9 For our study, we focused on cDCs due to their importance 

in effective vaccinations.10 Recent advances in single-cell immune profiles highlighted the 

inherent heterogeneity of DC populations.11 This heterogeneity suggests that DCs exist in a 

spectrum of phenotypes and that the four distinct categories do not capture the heterogeneity and 

possibly the full functionality of DCs. For example, DC functionality varies by tissue location, 

even within the same lymphoid structure.12,13 For DCs, a major question is whether heterogeneity 

arises from predetermined conditions (e.g., environmental or genetic factors) or from stochastic 

processes. Stochastic processes have been demonstrated in DC response kinetics, including 

changes in receptors, responses to stimuli, and speed of response, indicating that many elements 
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of heterogeneity rely not on predetermined subtypes but on stochastic, emergent properties of 

these subtypes.14,15 

We are especially interested in DCs that have strong cytokine responses to pathogen-

associated molecular patterns (PAMPs). This strong cytokine response, a FR phenotype 

described in pDCs, plays an outsized role in initiating global activation of a wider population of 

heterogeneous antigen-presenting cells (APCs).16,17,7 To date, however, study on the function of 

these types of phenotypic cells has been limited due to the lack of methods to identify FR 

behavior. While circulating pDCs are important for viral responses, cDCs are the predominant 

category of DC involved in vaccine responses. We sought FR phenotypes in cDCs to determine 

three main questions: (1) can live cDC FRs be identified and separated from a heterogeneous 

distribution of cDCs? (2) Is FR behavior a stochastic feature of cDCs as opposed to a consistent 

behavior within a predetermined subtype? (3) Can FRs in a population be specifically targeted to 

modulate and improve adaptive immune responses? 

We developed a method to identify and isolate FRs from cDCs by exploiting their unique 

affinity to phagocytose microparticles (MPs). Next, we present evidence that FRs are a distinct, 

temporally modulated, stochastic DC subpopulation that contribute disproportionately to the bulk 

stimulation of innate immune cells after Toll-like receptor 4 (TLR4) stimulation. We report that 

the vast majority of FRs are CD11b+ DCs, suggesting that they are cDC2s. While less than 5% of 

the total CD11b+ DC population, they secrete the majority of initial TNF-α upon TLR 

stimulation. We further characterize the kinetics and unique expression profile of FR 

responsiveness using RNA-Sequencing (RNA-seq). From this, we also discovered two 

distinctive cell surface markers, DAP12 and PRG2, for identifying FRs within a population of 

cDCs. Finally, we demonstrate a liposomal-based method to target FRs that can either block or 
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improve adaptive immune responses. Together, these data show that a stochastic and transient 

DC state can be targeted to modulate immunity, which is highly relevant to 

improving immunotherapy. 

2.3 Results 

2.3.1 Isolation and phenotyping of first responders (FRs), a unique dendritic cell 

subpopulation with enhanced microparticle (MP) uptake 

Since FRs are a rare cell population, we conjectured that the FR state had not been 

isolated previously due to the low percentage of cells, their transience, and accompanying 

difficulty in identifying distinguishing cell-surface markers that persist, potentially, only for a 

few hours. Therefore, our first objective was to develop a method to reliably isolate FRs from a 

heterogeneous population of DCs. Prior literature indicated that the hallmark of the FR 

subpopulation is an early and increased inflammatory cytokine secretion to TLR signaling, so we 

hypothesized that FRs may have increased sensitivity to TLR agonist stimulation.6 Alternatively, 

we hypothesized that because DCs specialize in the phagocytosis of micron-sized pathogens like 

bacteria, FRs may have an increased or early rate of phagocytosis of micron-sized particles—

bare or bearing TLRs. If either hypothesis proved true, we could then reliably isolate FRs using 

MP uptake.18 

To explore these hypotheses, we utilized a TLR-conjugated MP system, which we 

previously validated, to attempt to isolate FRs from other DCs.19 We synthesized 2-μm-

diameter, fluorescein isothiocyanate (FITC)-labeled MPs and coated them with a siloxane 

copolymer to reduce non-specific immune reactivity. We conjugated one of 5 different TLR 

agonists (TLR2, -4, -5, -7, and -9) to the MPs. We hypothesized that if FRs have either increased 

TLR sensitivity or MP phagocytosis, then we could incubate the MPs with DCs for short time 
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periods and use particle uptake to isolate FRs using fluorescence-activated cell sorting (FACS) 

from the remaining APCs which we refer to as non-FRs. 

We noticed an exceptionally large statistical anomaly in these experiments—a small 

percentage of DCs had a disproportionally MPhi population that deviated greatly from a normal 

(Poisson) distribution. Specifically, when spleen-derived DCs (sDCs) or BMDCs were incubated 

with unconjugated 2-μm MPs (MPblank) at a 1:1 cell-to-MP ratio for only 15 min, we observed a 

clear minority (3%–5%) population with high MP uptake (MPhi) (Figure 2.1A). Interestingly, 

when sDCs or BMDCs were incubated with unconjugated 250-nm nanoparticles (NPs), there 

was not a specific subpopulation with high uptake but rather a larger (20%) population with 

moderate uptake (Figure 2.1A). To further confirm this, we incubated granulocyte-macrophage 

colony-stimulating factor (GM-CSF)-derived BMDCs or a homogeneous cell line, which we did 

not expect to exhibit stochastic behavior (RAW cells), with MPblank or NPblank at a 1:1 cell-to-MP 

ratio for 15 min and then analyzed the cells using ImageStream (ISX) analysis).20 We counted 

the particles phagocytosed in the MPhi population and compared it with the total particle uptake. 

We observed that the MPhi contained almost 80% of the MPblank for BMDCs but <40% for RAW 

264.7 macrophages (RAW cells) (Figure 2.1B). Furthermore, the distribution of MP uptake in 

BMDCs deviated from a Poisson distribution, but not in RAW cells.1 This indicates that there is 

a subpopulation of DCs with increased MP uptake that occurs at 3%–5% of all DCs, like the 

distribution of FR populations in pDCs and BMDCs. We next asked whether adding a TLR 

agonist to the particle surface would activate DCs or alter MP uptake. We incubated 

lipopolysaccharide (LPS)-conjugated MPs (MPTLR4) to BMDCs and confirmed that the MPhi DC 

population phagocytosed similar numbers of MPs as the MPblank groups but also activated NF-κB 

(Figure 2.1C). Using the various agonist-conjugated MPs, we sought to quantitatively validate 
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our qualitative observations that MPhi DC populations accumulate a disproportionally high 

number of MPs and that this effect does not change with the addition of TLR agonists. Using 

ISX, we determined that (1) BMDCs treated with MPs have increased and statistically unlikely 

numbers of cells with >3 MPs, (2) this increased accumulation is only seen with MP:cell ratios 

of 1 or less  (3) the skewed increase in MP uptake in the MPhi population is independent of TLR 

activity (Figure S1).21 It is important to note that while we anticipated the cells on the far end of 

the stochastic distribution to contain more MPs than the homogeneous control cells (RAW cells), 

DC MPhi populations (both BMDCs and sDCs) contained a disproportionally large percentage of 

MPs, suggesting an effect that is not random but biological in nature (Figure S2F). Furthermore, 

this population is also observed in human moDCs, indicating that the MPhi subpopulation is not 

mouse specific (Figure S2). 

We questioned whether this increased uptake was due to how our BMDCs were cultured. 

Helft et al. observed that BMDCs differentiated using GM-CSF were widely heterogeneous, 

displaying typical “DC” markers such as CD135(FLT-3) or more macrophage-like markers of 

CD115 (CSF1R).22 To validate that (1) our BMDC cultures generate DC-like phenotypes instead 

of macrophage-like phenotypes and (2) FRs are not skewed toward one subpopulation of 

BMDCs, we cultured BMDCs in either GM-CSF or FLT-3L, incubated them 1:1 with MPblank, 

and analyzed them via flow for macrophage and DC markers (Figure S2G, S2H).23 Gating on the 

MPhi (FR) population saw no change in BMDC distribution, with the majority of cells being 

CD115/CD135− and CD11b+. We believe this phenotype is an immature DC phenotype, as this 

compartment is decreased in DCs from murine spleens (Figure S2G, S2H).22 We only observe 

differences between CCR7+ DCs in the MPhi group and especially in sDCs, indicating that FRs 

are more activated, especially in more mature sDCs.24 
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After confirming that this increase in MP uptake is not a flaw in our cell culture, we next 

sought to determine whether immune cells other than DCs could preferentially accumulate MPs 

in a similar fashion. We dosed murine splenocytes with MPTLR4 and determined that MPhi cells 

are exclusively overrepresented in DCs, particularly SIRPα+ CD11b+, markers that suggest a 

cDC2 lineage (Figure 2.1D, 2.1E, and S2).25 While DCs represent only ∼4% of all splenocytes, 

DCs constituted almost 50% of all MPhi cells, nearly all of which were CD11b+ (Figure 2.1D–G). 

It is important to note that while FRs were mainly CD11b+, they still only account for <5% of all 

CD11b+ cells (Figure 2.1G). Therefore, any conclusions drawn concerning FRs are not expected 

to be broadly applicable to CD11b+ or cDC2s in general. 
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Figure 2.1: Isolation and phenotyping of first responders (FRs), a unique dendritic cell subpopulation with enhanced 

microparticle (MP) uptake. (A) Representative flow cytometry histograms of mouse spleen DCs treated with 2-μm 

MPblank (red, top) or 250-nm unconjugated NPs (blue, bottom) for 15 min. Areas of MPhi, MP+, or NP+ are 

highlighted with a representative image taken using ImageStream Analysis for MPhi (top) or NP+ (bottom). Note 

that areas with skewed increased (MPhi) uptake are only seen with 2-μm MP. Scale bar: 5 μm. (B) MPs, but not 

NPs, disproportionally accumulate in FR population. 1 million BMDCs or a control RAW cell line were incubated 

with 1 million MPs either unconjugated (blank) or conjugated with LPS (TLR4) for 15 min. Cells were then 

analyzed with ISX, and the total number of MPs uptaken in the top 5% of MP signal (the FR population) was 

calculated. This was compared with a simulated distribution using the average particle uptake from the BMDC 

experiment and the Poisson distribution function (blue bars).(C) Representative confocal microscopy images 

showing that FRs accumulate high levels of MP signal and are immunologically active. BMDCs were stained for 

NF-κB after 15-min treatment with PBS (left) or MPTLR4 (middle and right). Representative cellular image of 

MPhi (right) and MP+ (middle) are shown. Blue channel (DAPI), green channel (FITC MPTLR4), and red channel 

(NF-κB). Scale bar: 1 μm.(D) Representative flow plots showing an increase in CD11b+ DC population for the FR 

population. Freshly isolated mouse splenocytes were gated on live, single CD45+ cells, then gated to remove 
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Figure 2.1 (continued): CD19/B220+ cells and CD3+ cells. DCs were gated from the remaining cells (CD11c+, 

MHC class IIhi). DCs were further gated on SIRPα and CD11b+ (CD11b+ DCs) and/or MP uptake for FRs.(E) 

Representative pie charts show (left) the distribution of cells in splenocytes, (middle) the distribution of NP+ cells, 

and (right) the distribution of MPhi (FRs) subpopulations after 15-min incubation.(F) FR distribution as percentage 

of each parent cell type, showing FRs are approximately 5% of DCs and CD11b+ DC populations.(G) Data from 

(F) shown in another manner to illustrate low FR percentage.(E)–(G) were performed with N = 5 mice, while (A)–

(D) were performed in biological triplicates. Error bars indicate ± SD. ∗∗∗p < 10−4 by one-way ANOVA with 

Tukey’s posttest. 

2.3.2 MPhi DCs exhibit FR characteristics of increased TLR activation and TNF-α release 

After phenotyping the MPhi DCs and determining that they are a distinct and reliable 

subpopulation of DCs, we evaluated their cytokine profiles to test whether MPhi DCs 

demonstrate a similar inflammatory profile as previous reports of FRs. FRs were previously 

identified by their increased and early release of inflammatory cytokines such as TNF-α and 

IFN-β in response to TLR stimulation) rather than their affinity for MP uptake; thus, it was 

critical to confirm that MPhi DCs show similar release profiles of TNF-α, IFN-β, or both.17,5,7 We 

observed that MPhi BMDCs have significantly increased TNF-α expression when examined via 

ISX analysis of intracellular cytokine staining after 4 h incubation with MPTLR4, supporting our 

hypothesis that MPhi DCs are FRs (Figure 2.2A and S2). We sought to further quantify TNF-α 

release to corroborate prior reports that “super-secreting” cells released the majority of the TNF-

α using FACS-isolated DCs and brefeldin A (BrefA)-treated BMDCs.17 We observed that FRs 

from BMDCs, when treated with MPTLR4, release a disproportionate amount of TNF-α compared 

with either non-FRs treated in the same dish (30 times greater) or FR-like cells (i.e., RAW cells 

with the top 5% of MP signal, only <4 times greater) (Figure 2.2B-2C). Despite being only 5% 

of the cells, FRs in the MPTLR4 group accounted for over 60% of the total TNF-α released. For 

simplicity, we will exclusively use FR to describe MPhi DCs from this point forward. 
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We next asked whether this increased activation of FRs was due to the increased TLR 

activation of DCs that accumulate most of the particles or whether FRs are inherently more 

responsive to TLR activation. To test this, we decoupled the enhanced uptake and TLR 

activation of FRs by incubating sDCs with MPBlank together with either PBS or LPS for 1 h using 

BrefA to inhibit cytokine release, and measured intracellular TNF-α expression (Figures 

2.2D, S2H, and S2I for gating strategy). The data indicate that FR cells are significantly more 

likely to be TNF-α+ for all treatment groups, including PBS and no incubation (Figure 2.2E). 

This result indicates that FRs have a pre-existing cytokine reservoir even in the absence of TLR 

signaling, suggesting that they not only generate more TNF-α but also are ready to respond 

before encountering a PAMP. We also confirmed that FRs do not have increased TLR 

expression relative to non-FRs, indicating that this increase in TLR signaling was not due to 

overstimulation of TLR pathways (Figure S3). Next, we performed a similar experiment to 

observe intracellular generation of IFN-β, which was previously seen to be overexpressed in 

BMDC FR-type cells.6 There is a similar increase in IFN-β expressing FRs at 1 h (Figure 2.2F). 

This increase in IFN-β was co-expressed with TNF-α (Figure 2.2G). Overall, these data indicate 

that FRs engage standard TLR signaling pathways to generate early inflammatory signals. 

After observing the high TNF-α levels produced by FRs, we sought to determine whether 

FRs could induce pro-inflammatory responses in an in vitro population of naive DCs and 

whether FRs are a temporal stochastic subpopulation or a predetermined subset of DCs. To test 

these questions, we activated BMDCs with MPTLR4 for 15 min and separated the FRs versus non-

FRs via FACS. We isolated cells via FACS, added them to fresh BMDCs after incubating for 

various time points, and then measured TNF-α and CD40 expression (Figure 2.2H, 2.2I, 

and S3).26 We observed high levels of TNF-α production in BMDCs only when FRs were added 
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at 0.25 h (Figure 2.2H). From this, we concluded that the FRs promote bulk in vitro activation of 

BMDCs but only at early timescales. Interestingly, only background expression of TNF-α was 

observed at 1 or 2 h, indicating that the FR response was short lived, implying that FRs might be 

highly temporal in its stochasticity. Non-FRs alone were not sufficient to stimulate an in vitro 

immune response, although non-FR ability to simulate BMDCs returned after 3 h (Figure 2.2H, 

S3). Similar results to Figure 2.2H were obtained when BMDCs were plated in a transwell 

membrane culture (Figure 2.2I, S3), indicating that soluble factors are driving the inflammatory 

signaling response. 

Considering that TNF-α secretion (1) appeared to be more rapid in FRs versus non-FRs 

and (2) changed over time, we sought to examine cytokine production kinetics and the cyclic 

nature of FR activation. We performed an extended version of the ICS staining experiment 

in Figure 2.2E, varying incubation times in BrefA (Figure 2.2J). We observed that the TNF-

α+ cells in the FR DC population remained higher than non-FR DCs for all time points. 

However, the ratio of TNF-α+ cells changed throughout the course of the experiment, increasing 

in the FRs at 15 min and then increasing in the non-FRs thereafter (Figure S3). This result is 

consistent with our previous findings that FRs have an increased amount of TNF-α initially 

followed by increases in surrounding non-FR cells. 

To investigate the temporal state of FRs, we performed a staggered MP uptake 

experiment using two different colors of MPs. We hypothesized that if DCs periodically cycled 

through the FR state, then any currently active FRs would uptake particles. Therefore, 

introducing particles of different colors at timed intervals would reveal if DCs altered their MP 

uptake. If the same cells take up particles, then we would expect cells to contain both colored 

particles at given intervals and support our hypothesis that unstimulated DCs natively switch 
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between FR and non-FR states at a regular interval. The relative uptake ratios of FITC/Cy5 

particles were determined via flow cytometry (Figure 2.2J-2.2K). We observed that there is a 

distinct population of cells that take up a combination of FITC and Cy5 MPs (dual) but that this 

number decreases until about t = 60 min. The results indicate that DCs cycle their particle uptake 

between 45 and 60 min. 

 

Figure 2.2: FR populations have an outsized and temporally controlled role in DC activation in vitro (A) MPTLR4 was 

added to 100,000 BMDCs preincubated with brefeldin A (brefA). After 4 h, the TNF-α levels were analyzed via 

ISX. (B) BMDCs preincubated with BrefA were stimulated at a 1:1 ratio with MPTLR4 or blank MPs for 15 min. The 
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Figure 2.2 (continued): FRs and non-FRs were sorted and resuspended at 1 million cells/mL for non-FRs and 

controls or 50,000 cells per mL for FRs in media with no BrefA, releasing cytokines. (C) Ratios of FR/non-FR TNF-

α release from (B). (D) Experimental schematic of (E). (E) FRs show increased TLR response to free agonist and 

regenerate TNF-α in the absence of simulation. Splenocytes were incubated in BrefA, then MPBlank, washed quickly, 

and incubated with 100 ng/mL LPS or PBS (no agonist addition). Representative flow plots are shown to the right. 

(F) In a similar experiment to (E), spleen DCs were analyzed for ICS expression of IFN-β. (G) Cells from (F) were 

analyzed for percentage of double-positive TNF-α and IFN-β. (H) FRs play an outsized role in stimulation of a naive 

DC population. FRs and non-FR populations were isolated via FACS after MPTLR4 incubation and incubated in 

media for 0, 1, or 2 h. 100,000 FRs, 1 million non-FRs, or unsorted BMDCs were added to 1 million naive BMDCs. 

After 16 h, TNF-α release was measured via ELISA of the supernatant. (I) A similar experiment to (H), but the 

naive BMDCs were plated on the bottom section of a transwell assay and the MP-stimulated FRs, non-FRs, and 

unsorted BMDCs were plated on top of the membrane. (J) Kinetic analysis of FR release of TNF-α. Similar to (E), 

splenocytes were incubated with 100 ng/mL LPS or 100 ng/mL R848 or PBS but for varying time points. The TNF-

α+ ratio was calculated by dividing the percentage of TNF-α+ in FR DCs by the percentage of TNF-α+ in all DCs. A 

significant drop was seen in all three treatment groups between 15 and 60 min. (K) Schematic of two-color MP 

uptake experiment to determine kinetics of FR cycling (left). Representative gating strategy (right). (L) Data for 

two-color MP uptake experiment. Briefly, FITC-labeled MPBlank were incubated with splenocytes (1:5 MP:cell) for 

varying time points, then 15 min prior to flow analysis, cells were incubated with Cy5-labeled MPBlank. Significant 

increase in dual MP uptake around 1 h indicates FR turnover. All experiments were performed in biological 

replicates (N = 5 for E–G and J, N = 3 for all others). Error bars indicate ± SD; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 10−4 by 

two-way ANOVA with Tukey’s posttest (with multiple comparisons for J). 

2.3.3 FRs have a unique temporal transcription profile 

Given the relevance of FRs, we sought to further characterize FR activity via whole-

transcriptome sequencing. We added MPTLR4 to BMDCs, washed, and sorted them after 0.25, 

0.5, 1, 2, or 4 h. We noticed that at 15 min, transcription levels for several inflammatory 

cytokines, such as TNF-α, IFN-β, CXCL1, and IL-1β, were highly upregulated in FRs but not in 

non-FRs (Figure 2.3A, S1). In later time points, these cytokine mRNA levels decreased for FRs 

but increased for non-FRs, corroborating our cytokine release data from Figure 2.2. For example, 

TNF-α mRNA levels dropped to below baseline after 1 h for FRs but peaked for non-FRs at 1 h 

(Figure 2.3A). This further supported the previous observations that FRs have a burst release of 
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inflammatory paracrine signaling cytokines immediately following TLR engagement, which then 

stimulate neighboring cells at later time points. 

We further analyzed the non-FR expression of genes related to IFN-β and TNF-α to 

further confirm our hypothesis that FRs’ early release of inflammatory cytokines coordinates 

local innate immune activation. We saw increases compared with unstimulated BMDCs 

in STAT1, IRF5, IRF7, IRF8, and IRF9 in FRs, especially at 1 h post stimulation, each of which 

is important for IFN-β and TNF-α signaling (Figure 2.3B).27,28,29,30  We saw very little 

transcription factor upregulation in FRs, as they are expected to already return to baseline after 

0.25 h; however, we did observe an increase in IRF7 at all time points other than 0.25 h. 

Using gene set enrichment analysis (GSEA), we also observed a larger increase in the “response 

to IFN-β” and “response to TNF-α” gene sets for non-FRs compared with FRs (Figure 2.3C). In 

addition to cytokine genes, we analyzed genes that govern antigen presentation. We observed 

upregulation for major histocompatibility complex (MHC) class I and MHC class II genes in the 

FRs compared with the non-FRs, corroborating our flow cytometry data (Figure 2.3D and S3). 

Likewise, the MHC co-stimulatory molecule CD86 is upregulated 32-fold over untreated cells at 

0.25 h. This is particularly significant as the 0.25 h MP incubation is unlikely sufficient time 

for de novo gene expression. 
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Figure 2.3: FRs possess a distinct mRNA profile. (A) BMDCs were incubated with MPTLR4 1:1 for 15 min, washed, 

and immediately sorted into FRs (top 5% of MP signal) and non-FRs (bottom 90% of MP signal). The mRNA from 

these cells was isolated immediately after sorting (0.25 h) or incubated at 37°C for 0.5, 1, 2, or 4 h and isolated. 

Genes were aligned and 2-fold upregulation calculated by comparing with a non-treated BMDC control. Time 

course fold change of the following cytokines was plotted from left to right: TNF-α, INF-β, CXCL1, and IL-1β. (B) 

Log2 fold change of several IFNβ-related genes at varying time points for (top) non-FRs and (bottom) FRs. Genes 

with false discovery rate of p <0.05 by Wilcoxon test were included. (C) Gene set enrichment analysis (GSEA) data 
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Figure 2.3 (continued): for (top) response to IFN-β and (bottom) response to TNF-α are shown for non-FRs and FRs 

at varying time points. Only enrichment with a false discovery rate (FDR) of <0.05 was included. (D) Heatmap of 

log2 fold change in the mRNA for genes with known antigen presentation function. Genes with an FDR of p <0.05 

by Wilcoxon test and at least 2-fold differential expression were included. (E) BMDCs were incubated with varying 

MP formulations for 16 h with brefA treatment, washed, and sorted into FRs and non-FRs as in (A)–(E), and mRNA 

was immediately isolated, transformed into cDNA, and sequenced, and genes were aligned. A list of upregulated 

mRNA genes in FRs that correspond to surface receptors is shown in a heatmap. All experiments were performed in 

biological triplicates with significant upregulation determined only if p <0.05 (see STAR methods for further 

details). 

 

2.3.4 FRs express unique and identifiable surface proteins 

Our secondary objective of this study is to target FRs for immune modulation, so we also 

analyzed mRNA data for upregulated surface proteins in FRs. We looked for the genes that were 

most consistently upregulated among these dosing conditions (2-fold increase in expression and 

p < 0.05) when comparing the transcriptional profiles of the FRs with the non-FRs. which 

provided two promising candidates, DAP12 and PRG2 (Figure 2.3E). We validated that DAP12 

and PRG2 showed increased expression on FRs compared with non-FRs for both BMDCs and 

sDCs via flow cytometry (Figure 2.4A, 2.4B, 2.4G, 2.4H, and S4, S5 for gating strategy). 

DAP12 is a protein reported for association with natural killer cells while PRG2 is reported in 

association with eosinophils. 31,32,33 To our knowledge, there are no established phenotypes that 

co-express these markers, and we observed a very small (<1%) percentage of all CD45+ cells that 

co-express both PRG2 and DAP12 at any level in splenocytes, lymphocytes, or skin cells (Figure 

2.4C, S4, and S5). Similarly, DAP12+/PRG2+ cells were represented by most cell populations at 

<1% (Figure S5). Meanwhile, we found that DAP12+ and PRG2+ cells were increased in the DC 

and CD11b+ DCs, and even though most DAP12+/PRG2+ cells were B cells, they were 

overrepresented by CD11b+ DCs (Figure 2.4C, 2.4D, S4, and S5). Most importantly, we 
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observed a significant increase in DAP12 and PRG2 mean fluorescence intensity (MFI), and 

DAP12/PRG2+ cells, and a significant increase in DAP12 and PRG2 signals overlapping with the 

DC FR populations (Figure 2.4E–4G and S5).  To further confirm that the DAP12/PRG2+ DC 

population would identify the same cells as the MP method of identifying FRs, we performed an 

ICS experiment similar to Figure 2.2E to determine if DAP12/PRG2+ DCs have the same 

phenotype of increased cytokine responses to TLR signals as FRs—matching our experiments 

and previous literature (Figure 2.4H). We observed significantly increased TNF-α responses for 

DAP12/PRG2+ DCs from all groups but the highest responses from TLR-treated groups (Figure 

2.4I). 

 

Figure 2.4: Confirmation of distinctive FR-related cell surface markers. (A and B) Murine splenocytes were 

incubated with MPTLR formulations for 15 min, then stained for CD11c and either (A) PRG2 or (B) DAP12 and 
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Figure 2.4 (continued): analyzed via flow cytometry. Percentage of PRG2+ or DAP12+ CD11c+ cells were calculated 

for FR and non-FR compartments. (C–G) Murine splenocytes were incubated with MPTLR4, washed, stained, fixed, 

and analyzed via Aurora spectral flow cytometry. (C) Representative flow plot of splenocytes depicting PRG2+ and 

DAP12+ population for all CD45+ cells (top) and DCs only (bottom). (D) Distribution of PRG2+ and DAP12+ cells in 

various immune subsets and DC subsets (expanded slide). (E–G) DAP12 MFI, (E) PRG2 MFI, (F) and percentage 

of (G) DAP12+ and PRG2+ of selected cell populations. (H) Experimental schematic of (I). (I) DAP12/PRG2+ DCs 

have increased TNF-α secretion in response to TLR agonists similar to MP-identified FRs. Similar to Figure 2.2E, 

splenocytes were incubated with BrefA and stained for DAP12 and PRG2, washed once, then incubated with PBS or 

100 ng/mL LPS. The percentage of TNF-α+ cells were compared between treatment groups with or without 

DAP12/PRG2 gating. See representative gates on the right. MFI, mean fluorescence intensity. Experiments 

performed in (A)–(C) were performed in biological triplicates. (D–I) N = 5, and error bars indicate ± SD. 

Significance was determined by two-way ANOVA with Tukey’s multiple comparisons post hoc 

tests ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 1 × 10−4, and NS, not significant. 

2.3.5 Selective targeting of FRs via DAP12 and PRG2 targeted liposomal formulations 

After confirming that unique markers could identify FRs, we sought to develop a method 

to target DC FRs. To accomplish all these goals, we used a multivalent liposome containing 

ligands for DAP12 and PRG2. To bind DAP12, we identified a selective nonamer peptide 

(GFLSKSLVF).34 To bind PRG2, we identified heparin, which has moderate affinity.35 To test if 

these targeting elements would target FRs, we used a well-characterized liposomal system to 

insert both DAP12- and heparin-conjugated lipids into 200-nm DSPC liposomes. We synthesized 

and purified lipid-conjugated versions of the DAP12 and heparin polymer and determined 

optimal ligand loading (Figure S6).36 

We co-incubated a fluorescently labeled version of the heparin/DAP12 liposome 

(referred to as FR-targeted liposomes [FR-TLs]) or non-targeted liposomes (non-TLs) with 

splenocytes for 15 min and analyzed the cells with flow cytometry. Upon analysis, we observed 

a significant increase in liposome MFI for FR-TLs compared with non-TLs for both DC FRs (as 

identified via MP uptake) and DC DAP12/PRG2+ cells (Figure 2.5A, 2.5B, and S4 for gating 

strategy). This result showed that FR-TLs have enhanced localization to FRs (Figure 2.5A and 
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2.5B). The same trend was seen in cells extracted from mouse lymph nodes and skin (Figure 

2.5B). We observed that >50% of DC FRs or PRG2+ DAP12+ DCs were FR-TL+, while <5% of 

DCs were non-TL+ (Figure 5C and 5D). We further confirmed the FR-TL selectivity for FRs via 

confocal microscopy and via an antibody-blocking experiment (Figure 2.5E, 2.5F, and S6L). 

To further probe how reliably FR-TLs home to FRs in vivo, we performed a 

biodistribution experiment directly comparing FR-TLs with non-TLs. We hypothesized that if 

FRs are predominantly CD11b+ DCs, then FR-TLs would accumulate in lymphoid organs 

(spleen and lymph nodes near injection site).37 We observed that FR-TLs had significantly more 

accumulation in spleen and lymph nodes as well as the liver than non-TLs, which accumulate in 

the kidneys (Figure 2.5G and 2.5H). This indicates that FR-TLs are accumulating in organs more 

likely to have CD11b+ DCs, like the spleen and lymph nodes, and supports targeting of FR cells. 

Although DCs do exist in the liver and kidneys, we believe the accumulation in the liver to be a 

non-specific effect of targeted liposomes and first-pass metabolism.38 These data indicate that we 

can reliably target FR cells with the heparin/DAP12 peptide liposome formulation (FR-TLs). 
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Figure 2.5: FR-targeted liposomes (FR-TLs) selectively target FR populations. (A–D) 1 mol % DAP12 peptide and 

10 mol % heparin-lipid loaded, DiD-labeled (0.01 mol %) 200-nm diameter liposomes (FR-TLs) or blank DiD-

labeled 200-nm liposomes (non-TLs) were incubated with splenocytes and lymphocytes of disaggregated mouse 

skin cells at 2-μM total lipid concentration for 15 min, then incubated with MPTLR4 at a 1:1 MP-to-cell ratio for 15 

min. (A) Representative flow histograms showing FR-TLs specifically target DAP12/PRG2+ FR DC population. 

(left). Representative histogram of liposome signal for FR-TL (bottom) or non-TL (top) for all CD45+ cells (red), 

DCs (blue), FRs (orange), or DAP12/PRG2+ cells (green). Colored numbers indicate liposome+ population of each 

group. (Middle) Representative histogram of MP signal of cells in non-TL+ (top) or FR-TL+ (bottom) DC 

populations with an FR gate for all DCs (blue) or liposome+ populations (orange). (Right) Similar to middle plot, 

liposome+ (top panel) or all DC (bottom panel) populations were plotted for DAP12/PRG2 expression. (B) MFI 

liposome values for splenocytes, lymphocytes, and skin cells, respectively, treated with non-TLs or FR-TLs for 

selected cell populations. (C) Liposome+ percentage of various cell populations for splenocytes. (D) Calculation of 

FR-targeting ratio for non-TL and FR-TL in splenocytes. Targeting ratio was calculated by dividing the percentage 

of FRs in the liposome+ DC population by the percentage of FRs in the whole DC population. (E) Blocking PRG2 
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Figure 2.5 (continued): and DAP12 reduces FR-TL specificity. BMDCs were treated with or without a 1:100 

dilution of anti-DAP12 and anti-PRG2 antibodies, incubated with FR-TL or non-TL for 30 mins, then incubated 

with MPBlank for 15 min. (F) Representative confocal images of BMDCs incubated with liposomes at 10-μM total 

lipid concentration and MPTLR4. Top: non-FRs (with no MP signal) with targeted liposome (FR-TL), middle: FRs 

incubated with 10-μM non-TL, and bottom: FRs + 10-μM FR-TLs. Scale bars: 10 μm. (G) Biodistribution of FR-

TLs in vivo. Mice (N = 4) were injected with FR-TLs or non-TLs intraperitoneally (i.p.). One h later, mice were 

sacrificed, and popliteal lymph nodes, spleens, liver, kidneys, heart, and lung were analyzed via IVIS Spectrum In 

Vivo Imager. Normalized image fluorescence intensity for each organ is graphed. (H) Fluorescence image of mouse 

organs treated with FR-TL (left) and non-TL (right) used to generate data in (I). Scale bar: 10 cm. All experiments 

were performed with 4–5 biological replicates. Error bars indicate ± SD. Significance was determined by two-way 

ANOVA with Tukey’s multiple comparisons post hoc tests. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 1 × 10−4, and NS, not 

significant. 

2.3.6 In vivo validation of FR ablation and FRs are important for generating antigen-

specific responses via BMDC adoptive transfer 

After demonstrating that FRs can be reliably targeted via liposomes (FR-TLs), we sought 

to evaluate how targeting FRs would alter adaptive immune responses. Our hypothesis is that 

since FRs have disproportionate influence over initial immune responses, modulating their 

immune signaling will drastically affect downstream adaptive responses (Figure 2.6A). To test 

this hypothesis, we performed an ablation experiment—to decrease the activity of FRs and 

therefore decrease the overall adaptive responses. We designed an experiment to temporarily 

suppress the FR responses by delivering BrefA in FR-TLs—preventing FRs from signaling via 

paracrine signaling –.39,40 We loaded BrefA at 1 mg/mL into 200 nm liposomes (BrefA FR-TL or 

BrefA non-TL) and validated that these liposomes suppress BMDC activation in vitro (Figure 

S6). After validation, we injected these BrefA formulations into mice. BrefA FR-TLs resulted in 

a significant decrease in anti-ovalbumin (OVA) immunoglobulin G (IgG) and CD8/OVA257–

264Tetramer+ and CD4/OVA323–339Tetramer+ cells, similar to levels seen in PBS control groups 

(Figure 2.6B, 2.6C, and S7 for gating strategy). These data indicate that by selectively inhibiting 

the FR population in vivo, the adaptive immune responses can be selectively diminished.  In 
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contrast, we hypothesized that FR-TLs could also be used to enhance responses to adjuvants. To 

test this, we loaded OVA (1 mg/mL) and CpG (a TLR 9 agonist, 200 μg/mL) into FR-TLs (CpG 

FR-TLs) or non-TLs (CpG non-TLs) (Figure S6).41 On day 14, there was a nearly 10-fold 

increase in anti-OVA IgG of CpG FR-TLs compared with CpG non-TLs (Figure 2.6D). 

Interestingly, when the mice serum cytokine levels were measured at 1 h post injection, we did 

not observe an increase in TNF-α levels, suggesting that targeting FRs maintained a largely local 

response and did not have far-reaching activation (Figure S7). 

To test if these responses were independent of the adjuvant, we repeated the previous 

experiment using R848 (R848 FR-TLs), a TLR 7 agonist (Figure S6).42 Similarly, R848 FR-TLs 

significantly improved anti-OVA IgG levels and CD8/OVA257–264Tetramer+ and CD4/OVA323–

339Tetramer+ cells on day 21 (Figures 2.6E and 2.6F). This increase seems to be a result of an 

increase in CD45+ cells into the lymph nodes, not an increase in T cells; however, there is an 

increase in long-lived T cell subsets of central memory T cells (TCMs) and effector memory 

T cells (TEMs) in the R848 FR-TL group when compared with non-TL R848 controls, indicating 

that FR targeting increases overall long-lasting T cell responses (Figure S7). Further analysis of 

the splenocytes from these mice via ICS demonstrates significant antigen-specific increases in 

IFN-γ expressing CD4+ and CD8+ T cells, indicating an increase in Th1 responses (Figure S7). 

Finally, we wanted to determine if the Th1 antigen-specific responses elicited by FR 

targeting could be translated into an OVA-expressing tumor model (EGF7.OVA).43 There was a 

significant reduction in tumor volume for both liposomal formulations when compared with PBS 

controls beginning at day 14, but there was a further decrease in tumor volume for the FR-TLs 

compared with the non-TLs, which continued for the remainder of the study (Figure 2.6G; 

p < 0.05). On day 30, all mice except for the R848 FR-TL group had to be sacrificed due to 
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tumor size (Figure S7). Taken together, these experiments indicate that FR targeting can be used 

to modulate adaptive immune responses in vivo. 

In addition to our in vivo FR targeting experiments, we performed an adoptive transfer of 

FRs to further demonstrate that FRs are critical for adaptive immune responses. We adoptively 

transferred MPTLR4-treated BMDCs sorted into FRs or non-FRs into C57BL/6 mice in 

combination with the antigen OVA. The MPTLR4/OVA-treated unsorted BMDCs generated anti-

OVA responses when adoptively transferred, but the same level of T cell and antibody responses 

were observed in the FR groups, despite containing one tenth of the cells/OVA mix, while non-

FRs had minimal responses (Figures 2.6H and S7). From these data, we conclude that FR 

signaling is important for generation of robust adaptive immune responses. 
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Figure 2.6: In vivo validation of FR targeting in vaccination models. (A) Schematic of hypothesized FR immune 

interactions. (B) Blocking FR paracrine signaling reduces adaptive immune response. C57BL/6 mice were injected 

with Bref A formulations, and then 1 h later, all mice except the PBS group were injected with 100-μg OVA and 10-

μg CpG on day 1. On day 14, both injections were repeated. Mice were sacrificed on day 21, and their IgG titers 

analyzed. (C) Lymph nodes from experiment in (B) were stained for T cell surface markers and with tetramers for 
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Figure 2.6 (continued): the major OVA MHC I epitope (OVA 257–264) and the major MHC II epitope (OVA 323–

339) and analyzed via flow. Representative flow plots of CD3+ and CD45+ T cells gated into Tetramer+ 

populations are shown to the right. (D) Targeting FRs with adjuvants increases adaptive responses. CpG and OVA 

were loaded into liposomes either targeted with DAP12/Heparin (CpG FR-TL) or blank liposomes (CpG non-TL), 

injected into C57BL/6 mice, and compared with a PBS control (no OVA) or free CpG/OVA equivalent (100-μg 

OVA and 10-μg CpG per mouse). 14 days later, anti-OVA IgG titers were measured. (E) R848 (10 μg per mouse) 

replaced CpG in a repeat of experiment from Figure 2.6B. Mice were injected on days 1 and 14 and then sacrificed, 

and anti-OVA IgG titers were measured on day 21. (F) Aurora analysis similar to (C) of lymph nodes of mice from 

(E). Representative flow plots of CD3+ and CD45+ T cells gated into Tetramer+ populations are shown to the right. 

(B–F) N = 5, error bars indicate ± SD, and all injections were i.p. (H) FR targeting reduces tumor burden in an 

EGF7.OVA tumor model. C57BL/6 mice (N = 10) were injected with 2 × 105 EGF7.OVA tumor cells in the left 

flank subcutaneously (s.c.) on day 1, and tumors were measured 3× per week. On days 7 and 10, mice were injected 

i.p. with the same R848/OVA formulations from (E). Tumors were tracked until day 30. Significance between 

groups was determined via area under the curve (AUC) calculation. (G) FRs are important for triggering adaptive 

immune responses in vivo. (Top) Schematic of FR adoptive transfer experiment. BMDCs were incubated 1:1 with 

MPTLR4 for 30 min, washed, and sorted into FR or non-FR populations. Both hind leg footpads of a C57BL/6 (N = 

4) mouse were injected with either 100,000 FRs, 1 million non-FRs, 1 million unsorted MPTLR4-incubated 

BMDCs, untreated BMDCs, CFA (positive control), or PBS (negative control). All samples except PBS contained 

OVA (10 μg per footpad). (Bottom) Graph shows anti-OVA IgG titers 14 days post injection. Error bars indicate ± 

SEM. Significance for (A)–(E) and (G) were determined by two-way ANOVA with Tukey’s post test. Statistical 

significance for (F) of AUC differences in tumor curves was assessed by using one-way ANOVA and Tukey’s 

multiple comparison test. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 1 × 10−4, and NS, not significant. 

2.4 Discussion and Conclusion 

In this study, we provide evidence of a transcriptionally distinct cellular subpopulation of 

DCs that could be identified via MP uptake. We present evidence that this DC subpopulation is a 

manifestation of the literature-defined FR subpopulation. Consistent with literature, we observe 

FRs having increased TLR response and inflammatory cytokine release and an outsized role in 

disseminating global APC activation via paracrine signaling. We present evidence that this state 

is temporally regulated, with cells potentially maintaining a high activation state for a brief 

period before returning to a non-FR state. This strongly supports our hypothesis that FRs are in 

fact a stochastic, cyclical state rather than a predetermined substate. We further identify several 
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proteins that are transcriptionally upregulated during the FR state. We note two, DAP12 and 

PRG2, that provided an effective targeting method both in vitro and in vivo to distinguish FR 

DCs. The FR-targeting strategy showed promise to improve immune responses 

for in vivo vaccination with OVA. 

While the improved identification of the FR population could improve both our scientific 

understanding of how innate immune cells respond to pathogens and a wide range of therapeutic 

potential for FR targeting, we wish to acknowledge several experimental elements in this study 

that will require further expansion before the FR state can be fully characterized. Our kinetic 

analysis of FR activation was limited due to the restriction of FRs in our early experiments 

requiring uptake of a MP for analysis. While we have identified upregulated surface proteins in 

our mRNA analysis, our initial isolation protocols were limited by the ligands both 

for in vivo and in vitro analyses. Heparin can have varying immunological effects, and, due to its 

heterogeneous structure and low binding affinity to PRG2, it may have other effects that are 

difficult to decouple from FR targeting.44 Furthermore, we do not know the functional 

importance that PRG2 and DAP12 might have on the FR state. Further research might help 

identify proteins more directly involved in FR state regulation and control and provide context to 

previous research on DAP12 and PRG2. For example, DAP12 is associated with natural killer 

(NK) cells and glial cells and associates with another protein, TREM2, which has recently been 

implicated as an immune regulator in brain cancer.45 There may be a connection between 

TREM2, DAP12, and immune regulation that will require further research. Despite these 

limitations, we present these data as an important first evaluation and application of FRs so that 

others might explore their role in innate and adaptive immune function. 
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While the data are compelling to show that FRs do exist and contribute to immune 

signaling, there were limitations to our methods. This study focused on mouse cells rather than 

human, and while we did observe some evidence that FRs exist in humans, this requires further 

evaluation. We primarily relied upon in vitro methods to first detect FRs using MP uptake. We 

also did not evaluate the spatial locations of FR DCs in vivo, which could provide mechanistic 

insights into FR development.  An additional crucial remaining question is why do DCs appear 

to cycle in activation states? For now, we offer an explanatory conjecture that this cycling may 

be due to the large metabolic strain placed on DCs during activation, requiring DCs to “share the 

load”.46,47 DCs release many cytokines by exosomes, which require synthesis of these cytokines 

prior to activation, in order to have rapid responses to pathogens.48 We offer a yet untested 

conjecture that DCs might cycle through this state of increased responsiveness to reduce overall 

metabolic load on individual cells while relying on the high sensitivity of immune cells to 

cytokine signaling. This sort of cooperativity has a precedent in other APCs; macrophages exist 

in at least two distinct metabolic states, M1 and the less active M2, which have been suggested to 

divide up the metabolic strain between M1 and M2.49 Furthermore, previous work has shown 

that DCs that have been previously activated can transmit their activation to naive cells, 

suggesting a similar paracrine signaling cascade.50 Another alternative hypothesis is that the 

heterogeneity of activation responses is a result of local niches within lymphoid organs. Gerner 

et al. showed that initial DC response to vaccines seemed to be highly dependent upon location 

within the lymph node sinus. 51 As most experiments in this study were on disassociated cellular 

suspensions, it is unclear how critical spatial location is for FRs. 

While further research is required to confirm these ideas, this work suggests a new 

insight into DC activation and propagation of immune signals. Identifying and communicating 
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with FR states has clear implications for therapies where targeted immune activation is desired, 

including vaccines and immunotherapies. Targeting FRs can potentially help improve 

therapeutics where innate immune activation is required. Finally, we show the potential for both 

understanding and improving immune responses by targeting a distinguishable cellular 

subpopulation from a stochastic distribution. This study shows the importance of stochastic 

states in immune activation and provides potential for studying stochastic DC responses to 

stimuli in the context of their physiological niche and in near real time. This could help analyze 

the role of heterogenous DC populations on overall immune responses. 

2.5 Materials and Methods 

Cell line: 

RAW 264.7 Cells were cultured at 1 million cells per mL in DMEM + Penicillin/Streptomycin+ 

10% HIFBS and split every 2–3 days. BMDCs were cultured according to a previously published 

protocol. Cells were used between 5-7 days after isolation. Splenocytes were cultured in 

RPMI +10% HIFBS + Penicillin/Streptomycin +2 μM β-mecaptoethanol. Splenocytes used in 

this study were freshly extracted, allowed to sit for 3 h in media and immediately used. 

Animal models: 

6 week C57BL/6 female mice were purchased from Jackson Laboratory and housed and treated 

according to our approved IACUC protocol. 

Method details: 

Silica-silane coated polystyrene microparticle (MP) synthesis: 
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PS MPs were synthesized and coated with a silica coating using a procedure from Moser et al.19 

Briefly, uniform, spherical, 2 μm diameter polystyrene  microparticles were synthesized via 

controlled styrene polymerization. 2 g of polyvinylpyrrolidone, MW 40,000 and styrene (20 g), 

washed with NaOH and dried with MgSO4, was dissolved in EtOH (250 mL) and purged with 

nitrogen. AIBN (0.2 g) was added, the mixture stirred at 70°C and 200 rpm for 24 h. Mixture 

was purified by centrifugation (5000 RPM for 5 min, followed by washing 3X in 30 mL of EtOH 

to remove residual monomer, initiator, and stabilizer). The surfaces of MPs were modified with 

reactive thiol groups via Pickering emulsion reaction. A mixture of cyclohexane (45 mL), n-

hexanol (10.8 mL), endotoxin free water (2 mL) and Triton X-114 (10.8 mL) were placed in a 

round-bottom flask and sonicated for 20 min. Particles (0.2 g) were added and the suspension 

was sonicated for 40 min. Tetraethyl-orthosilicate (TEOS) (400 μL) was added dropwise 

followed by 14 M aqueous ammonia (1.2 mL). The resulting solution was stirred for 30 min RT. 

Subsequently, 3-Mercaptosilane (200 μL) was added dropwise and stirred for 6 h. TEOS-

mercaptosilane copolymer coated particles were then pelleted at 3,400 rpm for 30 min and 

washed 3× with EtOH. Particles were dried at 70°C and stored at 4°C. 

TLR agonist surface functionalization: 

Thiol bearing MPs were functionalized with MPLA and Pam2 using thiol-maleimide chemistry. 

First MPs (5 mg) were swelled in ACN (500 uL) for 30 mins under sonication, then 1 mg of 

FITC in 500 uL of ACN was added for a final concentration of 1 mg/mL for 30 mins. MPs were 

then centrifuged for 1 min (5000 rcf), supernatant removed and washed 3x with PBS. For MPs 

conjugated with agonists to TLR2, 5, 7 and 9: FITC labeled MPs were dissolved in 500 uL of 

PBS, then 5 mg of Bismaleimide-PEG3 was added and allowed to sonicate for 30 min, then 

washed 3x in PBS. During this LTA, FLA, 2BXY or CpG-SH (0.1 mg/mL) was incubated for 
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5 mins with Traut’s reagent (1 mg/mL) in 500 uL of PBS. After washing, maleimide bearing 

MPs were incubated with thiol functionalized with either Traut’s + LTA, FLA, 2BXY or CpG-

SH (500 uL) and sonicated for 30 mins, then washed 10 times, 3x with PBS, 4x with PBS with 

0.1 Tween 20, and 3x with PBS. For TLR4 MPs, 1 mg of LPS was dissolved in 400 uL of DMF 

and 10 ug of p maleimidophenyl isocyanate added and allowed to stir overnight under argon. 

Then PBS (400 uL) was added followed by 2,2’-(ethylenedioxy)diethanethiol (4 mg) and 

allowed to stir for 12 h. 100 uL of this mixture was added to the MP with 400 uL of PBS for 

30 mins and similarly washed. After conjugation, all MPs were diluted in PBS + 0.05 %wt 

Tween20 at 20, 50 and 100X and then number of MPs in 10 uL counted using flow cytometry to 

determine a concentration. MP solutions were diluted to a concentration of 1 million MPs per uL 

of PBS and stored at 4°C until use. 

Particle concentration determination via flow cytometry: 

The concentration of particle was determined using flow cytometry (NovoCyte flow cytometer, 

ACEA Biosciences, Inc). MPs were rehydrated in 500 μL of PBS, then diluted down in 

PBS +0.01 %wt Tween20 by 50, 100 and 200-fold. 10 μL of these dilutions were analyzed via 

flow cytometry in triplicate, gating on FITC signal to remove noise. The MP concentration in the 

stock was then calculated using linear regression from the three dilutions. MP stocks were then 

diluted down with PBS to a final concentration of 1 million MPs/μL. 

Synthesis and purification of DAP12 targeting peptide lipid: 

Synthesis was performed using a Liberty Blue™ automated peptide synthesizer. Rink amide 

resin (100–200 mesh, 0.55 mmol/g, 0.05 mg) was weighed out into a solid-phase peptide 

synthesizer reaction vessel. The peptide (FVLSKSLFG) was constructed with standard Fmoc 
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protected peptides (0.2 M in DMF) from the C terminus to the N terminus. Then a Fmoc-EG2-

COOH was conjugated followed by three lysines, EG8 linker, a Fmoc-Lys(Fmoc)-OH and 

palmitic acid. Deprotection was performed using 20% piperidine in DMF. Coupling was 

performed after activation with diisopropylcarbodiimide (DIC) (0.5 M in DMF) in the presence 

of ethyl cyanohydroxyiminoacetate (1 M in DMF). All other couplings were done at 90°C for 

5 min. All reactions and subsequent washes were performed in DMF. After the synthesis was 

completed, the resin was transferred into a Bio-Rad Poly-Prep chromatography column. 

Global deprotection was achieved by agitating the resin in trifluoroacetic acid (TFA)/3,6-dioxa-

1,8-octanedithiol (DODT)/triisopropylsilane (TIPS)/H2O (8.5:0.5:0.5:0.5) for 2 h. The peptide 

was precipitated by adding the cleavage cocktail filtrate to 30 mL diethyl ether in a 50 mL 

centrifuge tube pre-cooled to −78°C. The precipitate was collected by centrifuge (4000 xG for 

5 min). The precipitate was dissolved in 50% CH3CN in 0.1%TFA) and filtered through a 

0.45 μm syringe filter. Purification was performed using reversed-phase HPLC C8 column 

(gradient elution with 30–90% CH3CN/0.1% TFA over 20 min). Pure fractions were pooled and 

the peptide was recovered through lyophilization and redissolved in MeOH. LC-MS (m/z) 

2754.84 [M + H]  

Bone marrow derived DCs: 

GM-CSF murine bone marrow cells were collected from 6-week-old female C57BL/6 mice. 

Red blood cells were lysed with RBC Lysis Buffer(BioLegend). BM cells were plated per well in 

deep petri dishes (VWR) at a concentration of 106/mL. Cells were cultured at 37°C and 5% CO2 

in culture media: RPMI 1640 (Life Technologies), 10% HIFBS (Gibco), GM-CSF (20 ng/mL; 

recombinant Mouse GM-CSF (carrier-free) from BioLegend), 2 mM l-glutamine (Life 

Technologies), 1% antibiotic- antimycotic (Life Technologies). Media was replenished on day 3. 
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Cells were used on day 5. For FLT-3L matured BMDCs, a similar procedure was used but 

replacing GM-CSF with 100 ng/mL of FLT-3L. 

Splenocyte/Lymph Node/Footpad extraction: 

Splenocyte/Lymph Node/Footpad were dissected into 1 mm sized portions and placed in 

disassociation media (0.5 mg/mL collagenase D, 0.1 mg/mL DNAse I in RPMI) for 30 mins at 

room temp, then incubated at 37°C for 30 mins, then passed through a 70 um filter. Footpads 

were incubated for 2 h rather than 30 mins. Splenocytes were treated with RBC lysis buffer 

(Invitrogen) prior to final wash. 

Flow cytometry: 

Flow cytometry in this study was performed on a ACEA NovoCyte Flow cytometer (6 channels, 

2 laser). 1 million cells per sample were treated with liposomes/MPs/antibodies, washed and 

placed in HBSS+ 2% HIFBS +0.1 mM EDTA. Samples were gated on FCS and SCC for live and 

single cells. Samples were compensated based on sample with single stains and calculated 

using FlowJo. 

Aurora spectral flow analysis: 

A 5 laser Aurora spectral flow cytometer was used for phenotyping DCs and T cells. Single 

stained compensation controls were run first and then unmixed using the Aurora spectral flow 

software. Data was further analyzed in FlowJo. 

Cell sorting: 

BMDCs, Splenocytes or RAWs were sorted on an Aria Fusion 5–18, AriaIIIu 4–15 or AriaII 4–

15 cell sorter. For sorting, cells were sometimes treated with or without Brefeldin A, then 
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incubated with MPs for 15 mins, washed with ice cold PBS, scrapped, washed again and diluted 

to 20 million cells per mL in RPMI on ice. Cells were gated on live and single cells by FSC and 

SCC and sorted into FR (top 5% of FITC signal from MPs) and non-FR (bottom 90% of FITC 

signal from MPs). Cells were then immediately placed on ice, spun down at 4°C and placed in 

cell culture media for subsequent experiments. For kinetic experiments, unsorted cell controls 

were also run through sorter but only gated on live and single cells. All FACS occurred at 4°C. 

Cytokine Bead Array: 

 A Mouse Inflammation CBA kit was purchased from BD Biosciences and used according to the 

manufacturer’s instructions. 

First responder cytokine analysis: 

BMDCs were incubated at a 1:1 ratio with MPTLR for 15 min and the FRs and non-FRs were 

isolated via FACS. The cells were washed and resuspended at 1 million cells/mL in culture 

media (10% HIFBS in RPMI). The cells were incubated at 37°C and 5% CO2 for 1 h. The 

supernatant was collected and the cytokines were profiled using a mouse inflammation CBA kit 

(BD Biosciences). 

First responder kinetic analysis: 

Sorted BMDC FRs or non-FRs cells (BMDCs incubated 1:1 with MP-TLR4 for 15 mins, then 

sorted) were incubated at 100k cells in 200 uL in cell culture media (10% HIFBS in RPMI) and 

incubated at 37°C and 5% CO2 for varying time points. Then naïve BMDCs (1 million in 1 mL) 

were mixed with FRs or non-FRs separated by a 1 um transwell insert or without for 16 hrs. Cell 

supernatants were tested via CBA for cytokine secretion and cells were tested via flow cytometry 
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for CD80(PerCP-Cy5.5 rat anti-mouse CD80, 1:100) and CD40 (APC rat anti-mouse CD40, 

1:200), incubated for 1 h at 4°C then washed 3X with PBS, then tested via flow cytometry. 

First responder ICS analysis: 

FRs were analyzed for TNF-α ICS by taking 1 million splenocytes, preincubating them with 

BrefA for 45 mins and incubating with either MPblank at a 1:1 cell:MP ratio or PBS in splenocyte 

cell culture media for 15 min, quickly washed and incubated with for varying times with 

100 ng/mL R848 or LPS + BrefA. Cells were washed with ice cold staining buffer (2% HIFBS+ 

0.2 mM EDTA in PBS), stained for 30 mins on ice for cell surface markers, washed again, and 

then treated with Cytofix/CytoPerm Kit (BD biosciences) according to manufacturer’s 

instructions to stain for intracellular TNF-α. Cells were analyzed via spectral flow cytometry. 

Two color MP uptake FR assay: 

Splenocytes were incubated with Cy5 or FITC colored MPs to observe kinetics of FR turnover. 

Splenocytes were incubated with FITC labeled MPTLR4 at a 1:2 ratio of MP:cells for varying 

times. All samples were then incubated with a Cy5 labeled unconjugated MP for 10 min, 

immediately washed in ice cold PBS, stained for CD11c and MHCII and fixed in 2% PFA then 

analyzed via flow cytometry, gated into FITC or Cy5 MPhi or dual MP+ uptake (dual MP) 

populations, see Figure 2.2I for representative gate. Note that the “0” timepoint indicates both 

colored MPs were simultaneously. Cells were gated on CD11c+ DCs only. 

Anti-OVA ELISA: 

Mouse anti-OVA IgG were measured using a commercially available kit from Alpha Diagnostic 

International according to the manufacturer’s instructions. 
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Statistics: 

Unless otherwise noted, all statistics were performed using a student’s t test with significance 

p < 0.05. For multiple comparisons, a two-way ANOVA was used. All comparisons were 

performed in Prism GraphPad 7 software. Poisson distribution was used to calculate the standard 

distribution of discrete particles where Probability of Number of MP uptaken = P, κ = Number of 

particles uptaken per cell, λ = average number of MPs per cell for each experiment. P=λκe−λk! 

Human moDC culture: 

Frozen PBMC (BuyPBMCs) were purchased commercially and the vial of 10 million cells was 

warmed at 37°C. Then, PBMCs from the cryo-vial were transferred into the new tube contains 

warmed media (RPMI 1640). Then the cells were centrifuged at 400xG for 10 min. The 

supernatant was discarded, resuspended, and centrifuged. CD14+CD16- monocytes were isolated 

by using the positive selection kit from StemCell Technologies(EasySep™ Human Monocyte 

Isolation Kit) Isolated Monocytes were resuspended at a density of 1 × 106 cells/mL in culture 

media (RPMI 1640 containing 10% serum 1% pen/strep 2 mM L-glutamine) supplemented with 

500 U/mL IL-4 and 500 U/mL GM-CSF. The cell culture was plated in 6-well tissue culture 

plates and incubated for 6 days. One day 3, half of fresh media supplemented with cytokines 

were added. 

Microscopy: 

BMDCs, Splenocytes, BMDCs or RAWs were analyzed with a SP5 two photon confocal 

microscope. 100k cells were allowed to attach to the bottom of a 96 well plate in their respective 

cell culture media. The next day, cells were washed with HBSS then either incubated with DiD 

containing liposomes for 15 mins, washed and incubated with MPs for 15 mins or incubated with 



83 
 

MPs for 15 mins, washed and then incubated with antibodies. Cells were washed and placed in 

fluorobrite media (Gibco) with 10% HIFBS +1:2000 dilution of Hoescht 33342 then analyzed by 

microscopy using relevant wavelengths/filters. Wide field images were taken using 20X lens. 

Single images were taken using a 60x lens. 

Quantification of images were performed in Fuji ImageJ. Wide field images of >100 cells were 

isolated based on nuclear stain. Gates were drawn on individual cells, FRs identified by cells 

with top 5% of RFU signal in FITC channel and liposome RFU calculated. Three images each 

from three separate wells were analyzed for a total of 9 images and >900 total cells. 

Synthesis and purification of heparin sulfate lipid: 

This procedure was adapted from a paper by Kim et al.rapid36300 mg Heparin Sulfate (18 kDa) 

was dissolved in water (10 mL) and mixed with DPPE (60 mg) dissolved in IPA (10 mL). 

138 mg EDC and 69 mg of NHS were added. The mixture was stirred constantly at 65°C for 

20 hrs. After reaction, the mixture was evaporated under reduced pressure to remove excess IPA, 

lyophilized, redissolved in 5 mL of water, filtered and dialyzed against water in a 3500 Da cutoff 

dialysis cassette for 48 hrs. Then the purified Heparin-lipid was analyzed via LC-MS, confirming 

between 2-5 conjugation of DPPE per heparin chain, lyophilized again and redissolved at 

10 mg/mL in MeOH. 

Liposome synthesis: 

Liposomes were synthesized via membrane extrusion method using a setup from Avanti polar 

lipids and 200 nm extrusion filters. DSPC, PEG2000 PE, Cholesterol, and/or DiD, Heparin-lipid, 

DAP12 peptide lipid and any TLR agonists/ Brefeldin A were combined in 1 mL methanol 

added, dried via lyophilization, and rehydrated in PBS to make a 10 mM total lipid, 200 uL 
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solutions. OVA was added during rehydration. Solutions were gently rotated at 67°C and passed 

through a 70°C 200 nm filter 5 times. The liposome solution was dialyzed against PBS with a 

3,500 Da filter for 24 hrs. 

LC-MS analysis of liposome loading: 

Liposomes loaded with DiD, DAP12 peptide, Heparin, brefeldin A, CpG, R848, OVA or any 

combinations of these were tested for loading via LC-MS analysis. Stock solutions of liposomes 

were diluted down to 1 mM total lipid and then 5 uL of this solution was injected on a C8 

analytical HPLC column with a gradient of 10–90% ACN in 20 mins and the effluent observed 

by an Agilent 6135BAR LCMS XT mass spectrometer and a diode array detector at 220 nm. 

Signal from various compounds in liposome formulations were compared to standard curves at 

220 nm. 

Dynamic light scattering analysis of liposomes: 

Hydrodynamic diameter of liposomes was confirmed using a Wyatt Möbius DLS/ELS at 100 uM 

total liposome concentration. 

SEM of functionalized particles: 

Scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS) of the particles 

was performed using an FEI Quanta 3D FEG dual beam (SEM/FIB) equipped with Inca EDS 

(Oxford Instruments). High-resolution images were taken with an FEI Magellan 400 XHR SEM 

particle samples were dried under vacuum for 24 h, mounted on carbon tape, and sputter coated 

(South Bay Technologies) with approximately 2–4 nm of Au/Pd 60:40 or Ir. 

RAW blue NF-κB assay: 
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RAW-Blue NF-κB cells (Invivogen) were passaged and plated in a 96 well plate at 100k 

cells/well in 180 μL DMEM containing 10% HIFBS. Cells were incubated at 37°C and 5% 

CO2 for 24 h. 100 ul of cells were incubated with varying ratios of MPs at 37°C and 5% CO2 for 

18 h. After 18 h, 20 μL of the cell supernatant was placed in 180 μL freshly prepared QuantiBlue 

(Invivogen) solution and incubated at 37°C/5% CO2 for up to 2 h. The plate was analyzed every 

hour using a Multiskan FC plate reader (Thermo Scientific) and absorbance was measured at 

620 nm BCA Assay- This was performed according to manufacturer’s instruction (Thermo 

Fischer) with some modifications. 100 million beads were incubated with BCA solution and 

reacted for 30 mins at 60°C then analyzed every hour using a Multiskan FC plate reader (Thermo 

Scientific) and absorbance was measured at 562 nm and compared to a standard curve of 

modified MPLA or Pam2 after subtracting a background of maleimide modified MP. 

Image stream MP uptake analysis for TNF-α expression: 

1 million BMDCs, RAWs or Splenocytes were incubated with 1 million MPs in 1 mL of cell 

culture media (DMEM supplanted with 10% HIFBS) for 1 hour. After 1 h, protein export was 

inhibited using a GolgiPlug Kit (BD Biosciences) with Brefeldin A according to manufacturer’s 

instructions for 16 h at 37°C under 5% CO2. Cells were then washed and fixed and 

permeabilized with a BD Cytofix/Cytoperm Plus Kit (BD Biosciences). Cells were stained with a 

solution of anti- TNF-α (1:500 dilution) and their nuclei stained using Hoechst Solution (2 μM 

final concentration) in permeabilization buffer for 1 hr. Cells were washed 3x in PBS with 2% 

HIFBS, concentrated into a 20 μL volume and analyzed with ImageStream Flow Cytometry. 

Each MP condition was performed in triplicate, analyzing >100,000 cells per run. MPs were 

identified using the “Particle Count” wizard in the IDEAS software and compared to TNF-α 

intensity per cell. 
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Image stream MP uptake analysis for NF-κB expression: 

1 million BMDCs, RAWs or Splenocytes were incubated with 1 million MPs in 1 mL of cell 

culture media (DMEM supplanted with 10% HIFBS) for 15 min. Immediately cells were fixed 

using ice cold Cytofixation Buffer (BD Biosciences) for 15 min. Cells were then fixed in 

PBS +0.04% triton X for 3 min, immediately spun down (400 RCF, 5 min), supernatant removed 

and washed with CytoPerm Buffer (BD Biosciences) 2 times (200 μL per wash). Cells were then 

stained with Rabbit anti-NF-κB p65 (1:500 dilution) for 1 h on ice, washed 3x, then stained with 

a secondary goat anti-rabbit AF647 (1:1000 dilution) for 1 h on ice, washed, concentrated into a 

20 μL volume of PBS with 2% HIFBS and analyzed with ImageStream flow cytometry. Each 

MP condition was performed in triplicate, analyzing >100,000 cells per run. MPs were identified 

using the “Particle Count” wizard in the IDEAS software and compared to NF-κB nuclear 

colocalization using the “Colocalization” wizard in the IDEAS software. 

Imagestream data analysis: 

ImageStream data was analyzed in the IDEAS software (Amnis) for nuclear colocalization and 

particle counting using built-in analysis wizards. Single cell data was then exported into 

Graphpad Prism 6 software for further analysis. Cell data was divided into the following 

categories: 0 MP, 1 MP, 2 MP, 3 MP, 4 MP or 5 MP or >5 MPs. “Simulated Distributions” were 

calculated by using the Poisson distribution and the average MP uptake from the triplicate 

BMDC uptake experiments to determine the breakdown of cells with 0,1,2,3…etc. MPs. The 

number of cells in each category was rounded to the nearest whole number and assumed that the 

cells in the 95th percentile for number of MP uptake matched the “FR” population. The total 

number of MPs from this population was calculated and compared to the total number of MPs 

uptaken by the cell population. 
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Adoptive transfer of BMDCs: 

FRs and non-FRs treated with MP-TLR4 like previous section were treated with DiL dye (1 

ug/mL) and OVA (100 ug/mL) in 1 million cells in 1 mL cell culture media for 30 mins. Treated 

cells were then washed with PBS then concentrated at 1 million cells into 30 uL of HBSS and 

then immediately injected into C57BL/6 mouse footpads, one injection per footpad, two per 

mouse. 1 h post injection, blood was taken for CBA analysis. 14 days later, mice were 

sacrificed, popliteal lymph nodes from both sides of the mouse were removed, disaggregated, 

stained and analyzed via Aurora spectral flow analysis. 4 mice were treated per group: (1) mice 

injected with untreated BMDCs (2) mice injected with BMDCs treated with 5 uL CFA+100 ug 

OVA, (3) mice injected with unsorted BMDCs treated with MPblank (4) mice injected with 

unsorted BMDCs treated with MPTLR4 (5) mice injected with FR sorted BMDCs treated with 

MPTLR4 and (6) mice injected with non-FRs sorted BMDCs treated with MPTLR4. 

mRNA whole transcriptome analysis: 

For 16 h sequencing: BMDCs were incubated at a 1:1 ratio with MPTLR−X (x = blank, 2, 4, 5, 7, 

9) for 16 h. The FRs and non-FRs were isolated via FACS. RNA was extracted using a Direct-

zol RNA-Microprep kit (Zymo), prepped using SMARTer® Stranded Total RNA-Seq Kit v2 

(Takara), and sequenced on a NextSeq550 (Illumina). RNA-Seq reads were mapped to GRCm38 

mouse reference genome using STAR version 2.7.0b.52 The resulting files from the alignment 

step above were taken to evaluate transcriptional expression using subread::featureCounts with 

gencode transcript annotation M19.53 The obtained count table was normalized and log fold 

change in expression was generated using the edgeR package.54 Using the Cell Surface Protein 

Atlas’s  database for mouse cell surface protein, we identified proteins that were most frequently 

upregulated in the most MPTLR−X dosing conditions that met both the following criteria: 2-fold 
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upregulation and pval <.05.55 For time series sequencing: BMDCs were incubated at 1:1 ratio 

with MPTLR−4 for 15 min. The FRs and non-FRs were isolated via FACS, washed, and 

resuspended in media. At 0, 0.5, 1, 2, 4 h, the RNA was extracted using a Direct-zol RNA-

Microprep kit (Zymo). Sequencing was performed by the University of Chicago Genomics Core, 

and BasePairTech’s DESEQ2 pipeline was used to align the reads to the mm10 genome, and 

compute the differential expression and Gene Set Enrichment Analysis. Using the Mouse 

Genomic Informatics database to acquire lists of genes with 1) immune function 2) antigen 

presentation the immune response of the FRs and non-FRs were profiled by analyzing the 

differential expression, using only genes with 2-fold differential expression change and 

pval < .05 for at least one of the timepoints.56 

Brefeldin A In vivo experiment: 

6 week, C57BL/6 female mice, 5 mice per experimental group were injected with liposomes 

containing Brefeldin A (BrefA) or free BrefA or PBS control. Mice were injected with 100 ug of 

Brefeldin A (either free or loaded equivalent) i.p. and then 1 h later mice were injected i.p. with 

10 ug R848 and 100 ug OVA in PBS. 14 days later this injection procedure was repeated. On day 

21, mice were sac’d, blood tested for anti-OVA IgG and lymph and spleen analyzed. Groups: (1) 

PBS injected mice only (2) No BrefA- mice injected with PBS in lieu of brefeldin A and then 

injected 1 h later with R848/OVA. (3) Free BrefA- Mice injected with 100 ug of Free Brefeldin 

A then 1 h later R848/OVA (4) BrefA NTL- mice injected with brefeldin A loaded into a blank 

non-targeted 200 nm liposome and injected with a 100 ug brefeldin A equivalent dose then 

injected with R848/OVA 1 h later. (5) BrefA FR-TL- same are previous group but with FR 

targeting elements. 

CpG loaded liposome in vivo experiment: 
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6 week, C57BL/6 female mice, 5 mice per experimental group were injected with liposomes 

containing CpG or free CpG or PBS control. Mice were injected with 10 ug of CpG (either free 

or loaded equivalent) with 100 ug OVA i.p. On day 14, mice were sac’d, blood tested for anti-

OVA IgG and lymph and spleen analyzed.  

R848 loaded liposome in vivo experiment: 

6 week, C57BL/6 female mice, 5 mice per experimental group were injected with liposomes 

containing R848 or free R848 or PBS control. Mice were injected with 10 ug of R848 (either free 

or loaded equivalent) with 100 ug OVA i.p. On day 14, this procedure was repeated. On day 21, 

mice were sacrificed, blood tested for anti-OVA IgG and lymph and spleen analyzed.  

Intracellular Staining (ICS): 

Fresh suspensions of mouse splenocytes were incubated with OVA peptides for 30 min in ICS 

media (RPMI, 10% FBS, Penicillin/Streptomycin, 1x Non-Essential Amino Acids, 1 um β-

mercaptoethanol, 1 mM HEPES and 1 mM sodium pyruvate. Then splenocytes were incubated 

for 12 h with monensin (1 ug/mL), washed, fixed and stained for intracellular and extracellular 

antigens (CD4, CD8, INF-γ and IL-4) according to the manufacture’s instruction for BD 

Cytofix/Cytoperm Kit. 

E.G7 OVA Tumor Model: 

C57BL/6 female mice were injected with 5 × 105 E.G7 OVA expressing cells in PBS in the left 

flank. Mice were shaved to observe tumor growth. On day 7 and day 10, mice were injected with 

liposome formulation or free R848/OVA (10 ug/100 ug per mouse) i.p. Tumor volume was 

tracked via calipers 3 times per week and volume calculated by the formula Volume= (1/2) 

(length∗(width)∧2).57 



90 
 

Quantification and statistical analysis: 

Statistical details of experiments, number of repeats performed, and statistical tests used can be 

found in the figure legends. All statistics were calculated using GraphPad Prism v9. Normally 

distributed samples were compared using ANOVA for multiple comparison and Student t-tests 

for two independent samples. For nonparametrically distributed samples ANOVA Mann-

Whitney U-Test for two independent samples or Wilcoxon test for dependent samples. Kaplan-

Meier curves for the survival function were compared via log rank test. p < 0.05 was considered 

significant. 
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Chapter 3: Characterizing the FR Response to Synergistic TLR 

Activation  

3.1 Summary 

 Vaccines have been the most impactful public health innovation in history, helping to 

eradicate numerous diseases, such as diphtheria and polio.  The most successful vaccines rely on 

synergistic immune responses to elicit a robust, long-term protective response.  First Responding 

dendritic cells (FRs) have powerful cytokine responses to TLR signaling.  We demonstrate that 

we can enhance the FR cytokine response for TNF-α, IL-6, and IL12-p70 after synergistic 

stimulation with a MP-TLR4_7 microparticle.  Additionally, we reduce bulk population 

cytokines using a brefeldin loaded liposome that selectively targets FRs, ablating their signaling 

function.  We would like to improve this brefeldin-liposome targeting system, so it can be used 

in vivo to remove inflammatory side effects of vaccines while maintaining a strong antibody 

response. Lastly, we sequenced the transcriptional profile of FRs 16 h after MP-TLR4_7 

stimulation and observed synergistic upregulation of multiple cell adhesion genes, indicating that 

the FRs increase their antigen presentation after this synergistic stimulation – a key step in 

generating antibody specific responses.  These results will improve vaccine development by 

enhancing immune signals produced by cells that already have robust inflammation signaling 

capabilities. 

3.2 Introduction 

 Vaccines have been the most impactful public health innovation in history, helping to 

eradicate numerous diseases, such as diphtheria and polio, and reducing infection for many other 

diseases.  One of the best vaccines ever developed is the yellow fever vaccine.  The yellow fever 
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vaccine is lauded as such an effective vaccine, because with just one dose, it protects an 

individual against yellow fever for life with minimal side effects.1  The yellow fever vaccine is 

so effective, because it activates numerous pattern recognition receptors (PRRs), such as TLR2, 

TLR7, TLR9, etc. in a synergistic manner, resulting in a balanced Th1/Th2 response and strong 

antibody production.2,3  As a result, researchers are interested in understanding synergies in the 

immune system to confer stronger protection with vaccines 

To study immune synergies, researchers have used multiple pathogen-associated 

molecular patterns (PAMPs) to elicit stronger immune responses.  From these studies, we have 

learned that combinatorial activation of two TLRs can result in a synergy.  When properly 

activated, some of the TLR combinations that result in synergy are TLR4/7, TLR2/9, and 

TLR2/4.4,5,6  Chemical conjugation of synergistic agonists or attachment of such agonists to a 

nanoparticle have further increased responses, as the spatial linking of the agonists more closely 

resembles the spatial orientation of these PAMPs in a pathogen.7,8,9,10,11,12   Our lab has 

developed a microparticle that is not only the size and surface charge of a pathogen, but also has 

reactive handles by which PAMPs can be attached.13  By using this microparticle, we can isolate 

first-responding dendritic cells.14 We hypothesized that by attaching synergistic TLR agonists to 

this pathogen mimetic particle combinations, we can improve immune responses.  

Dendritic cells (DCs), named for the dendrites that extend from the cell, are key immune 

cells, as they link the innate and adaptive immune system.  They have an important role in 

recognizing PAMPs, presenting antigen, via MHCs and facilitating adaptive immune 

responses.15  Dendritic cells are broken down into four main subsets based on transcriptional and 

surface markers: plasmacytoid DCs (pDC), type 1 classical DCs (cDC1), type 2 classical DCs 

(cDC2), and monocyte-derived DCs (mo-DCs), with each subset having a nuanced integral role 



102 
 

in the immune system.16 Even within subsets, DC populations have heterogeneous responses to 

immune stimulation. For example, in bone marrow derived DCs,  a stochastically arising and 

small population of high IFN-β secreting cells was observed; and in pDCs, a similar stochastic 

response for IFN-α release was identified via single-cell mRNA sequencing.17,18 These studies 

suggest that DCs exist in a range of phenotypes and functionalities that is not captured by the 

subclasses of DCs. More importantly, it seems that a small percent of DCs have strong cytokine 

responses to initial immune stimulation.  We hypothesize that by targeting these hyper-active 

cells with synergistic stimulation, we can enhance the overall immune response to vaccines using 

this microparticle formulation. 

 In this chapter, we present 1) that synergistic microparticle (MP) stimulation of FRs 

results in increased cytokine expression in vitro, 2) that ablating FR signaling reduces overall 

cytokine production in vitro and 3) that MP-TLR4_7 stimulation synergistically increases 

intercellular adhesion genes in FRs.  Using this knowledge, we hope to engineer vaccines that 

can leverage the signaling of FRs to maximize antibody responses, as well as honing our ability 

to reduce inflammatory side effects of vaccines without altering their efficacy. 

3.3 Results and Discussion 

3.3.1 FRs have synergistic response to MP-TLR4_7 system in vitro 

Since FRs release strong, initial bursts of cytokines after agonist stimulation, we wanted 

to study the kinetics and magnitude of their cytokine responses using a synergistic TLR system 

to see if we could enhance this early-stage cytokine response.  To assess the FR cytokine 

response, we attached TLR4 and/or TLR7 agonist to 1 um polystyrene pathogen mimetic 

particles (MPs).  These MPs are non-immunogenic and deliver agonist to FRs.13   We incubated 

the MP-TLRs with naïve BMDCs and observed the magnitude and kinetics of cytokine 
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expression of FRs and nFRs via ICS.  We observed that FRs stimulated with MP-TLR4_7 have a 

higher percent of TNF-α + cells compared to FRs stimulated with MP-TLR4 or MP-TLR7 at 1 h 

(Figure 3.1A).  Similarly, FRs stimulated with MP-TLR4_7 display synergistic TNF-α MFI 

expression compared to FRs stimulated with MP-TLR4 or MP-TLR7 (Figure 3.1B) at 1 h. These 

results indicate that FRs have a synergistic, initial TNF-α burst in response to MP-TLR4_7 

stimulation.  It is important to note that in this early 1 h time point, nFRs have a baseline TNF-α 

MFI value.  To better understand TNF-α expression kinetics of FRs, we repeated the same 

experiment but incubated the MPs with naïve BMDCs for 6 h instead of 1 h.  At 6 h. we 

observed that the majority of FRs are TNF-α + after MP-TLR4, MP-TLR-7, and MP-TLR4_7 

stimulation (Figure 3.1C).  Even though FRs are mostly TNF-α + at 6 h, FRs that were 

stimulated with MP-TLR4_7 still have a significantly higher TNF-α MFI than FRs stimulated 

with MP-TLR4 or MP-TLR7 (Figure 3.1D).  These data indicate 6 h is enough time for FRs to 

generate TNF-α respond to the MP-TLR-agonist stimulation, and that response is increased after 

synergistic MP-TLR stimulation.  Similar to the 1 h timepoint, at 6 h, the nFRs still have baseline 

TNF-α MFI, indicating that they are not undergoing an inflammatory response. To assess how 

the FR and nFR response changes when the BMDCs are stimulated with soluble TLR agonist 

and MPs, we added MPs and MPLA (TLR 4 agonist) and/or R848 (TLR 7 agonist) as indicated 

for 1 h and 6 h, and we observed that the FRs still had a higher TNF-α than nFRs (Figure 3.1E).  

At 1 h, FRs the relative TNF-α MFI for after MPLA + R848 stimulation is only 50 % greater 

than that of the nFRs, but at 6 h, the relative TNF-α MFI is 3.5 times greater than nFRs, 

indicating significantly higher TNF-α production for FRs between 1 and 6 hours than nFRs. In 

addition to observing TNF-α MFI’s, we also ran ICS at 6 h for two additional pro-inflammatory 

cytokines, IL-12 and IL-6 (Figure 3.1F, 3.1G).  For both IL-12 and IL-6, FRs have much higher 
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MFIs than nFRs.  For IL-12, the MFI for MP-TLR4_7 stimulation is synergistic for FRs; 

however, for IL-6, the FRs had a similar MFI for MP-TLR4_7 simulation as for MP-TLR7.  

These data indicate that FRs have much stronger cytokine responses, and even synergistic ones 

to the MP-TLR4_7 system for TNF-α and IL-12, highlighting their role as key cytokine signalers 

in an immune response. 

 

Figure 3.1. Kinetics of cytokine expression of FR and nFR response to MP-TLR stimulation using intracellular 

cytokine staining. A) % TNF-α+ FRs and nFRs 1 h after MP stimulation B) TNF-α MFI of FRs and nFRs after MP 

stimulation at 1 h. C) % TNF-α+ FRs and nFRs 6 h after MP stimulation D) TNF-α MFI of FRs and nFRs after MP 

stimulation at 6 h. E) BMDCs co-incubated with MP and soluble TLR agonist. TNF-α MFI measured after 1 h. F) 

BMDCs co-incubated with MP and soluble TLR agonist. TNF-α MFI measured after 6 h.  G) IL-12 MFI at 6 h after 

MP-TLR stimulation H) IL-6 MFI after MP-TLR stimulation  

3.3.2 Brefeldin loaded FR targeting liposomes reduce cytokine secretion in vitro 

Given that the FRs have a strong initial burst of cytokine production, we want to be able 

to reduce population wide inflammation signals in BMDCs by ablating this FR signaling.  By 

reducing pro-inflammatory cytokine signals, we aim to translate this in vitro FR targeting 

technology to an in vivo vaccine model to the reduce the inflammatory side effects of the vaccine 

while maintaining a strong antibody response.  To attempt to reduce this cytokine signaling, we 
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loaded brefeldin A (BFA), an inhibitor of cytokine signaling, at 1 % of total lipid into a 

previously developed liposome system that selectively colocalizes with FR cells.14  We will refer 

to this targeting system as a BFA-TL system.  We added this BFA-TL to naïve BMDCs along 

with soluble agonist for 24 h.  For IL-6 and TNF-α, there is no difference in cytokine expression 

for non-BFA treated BMDCs and 1% BFA-TL treated BMDCs (Figure 3.2A, B). However, for 

IL-12p70, a pro-inflammatory cytokine, we observe a decrease in cytokine release for BMDCs 

treated with BFA-TL for MPLA + R848 compared to non-BFA treated samples (Figure 3.2C).  

Additionally, we witness a similar decrease for BMDCs treated with BFA-TL IL-10, an anti-

inflammatory cytokine for MPLA + R848 (Figure 3.2D).  Based on this data, there is some 

reduction of IL-12p70 (pro-inflammatory) and IL-10 (anti-inflammatory) after addition of BFA-

TL, but there is no reduction of pro-inflammatory cytokines IL-6 and TNF-α; thus, we cannot 

determine whether the BFA-TLs are reducing inflammation signals in vitro. 

 

Figure 3.2: Cytokine profile of BMDCs after addition of soluble agonist and brefeldin loaded liposomes that target 

FRs (BFA-TL).  The loaded BFA equivalent is included as a control. The level of A) IL-10 B) IL-6 C) TNF-α D) 

IL-12p70 secreted by BMDCs after 24 h. 
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3.3.3 Transcriptome analysis of FR response to Synergistic MP-TLR4_7 stimulation reveals 

upregulation of cell adhesion Genes 

After assessing the in vitro signaling capabilities of FRs, we wanted to profile their 

transcriptome to determine the role of FRs beyond their initial cytokine release.  We incubated 

BMDCs with the indicated MP for 16 h and isolated the FRs via FACS.  We isolated the FRs 

RNA and sequenced on a NextSeq550 to obtain their transcriptional profile.  Analysis of the FRs 

transcriptome indicates upregulation of many immune related genes after MP-TLR4_7 

stimulation compared to the gene expression after MP-TL4 or MP-TLR7 stimulation.  Using the 

criteria of Fraser et al. there is synergistic expression of TNFsf18 and TNFs13, which are two 

pro-inflammatory cytokines within the TNF superfamily.19  Additionally, the RNA expression of 

IL-18 is additive.  These cytokine data indicate that FRs continue to produce pro-inflammatory 

cytokines after their initial burst response, even if multiple pro-inflammatory cytokines are 

downregulated compared to FRs treated with MP-Blank at this time point. (Figure 3.3A, B).  

After analyzing the expression of immune related genes, we looked at synergistically regulated 

genes within the FRs after MP-TLR4_7 stimulation. We observed that multiple cell adhesion 

genes are synergistically upregulated, including CADM1, CD93, and LRMP.  The upregulation 

of cell adhesion genes and pro-inflammatory cytokines highlights the signaling role that FRs 

have in the immune response.   
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Figure 3.3: Transcriptome analysis of FRs and NFRs 16 h after synergistic MP stimulation A) Heatmap of immune 

related genes for FRs and NFRs upon MP-TLR stimulation. B) Heatmap of synergistically upregulated genes C) 

Heatmap of select synergistic genes. Many cell adhesion genes are synergistically upregulated. 

3.4 Discussion and Conclusion 

In this work, we build on the previous results of Deak et al., which showed that FRs 1) 

release disproportionately high levels of cytokines compared to the average dendritic cell, 2) are 

critical to activating immune cell populations in vitro, and 3) are key to generating a powerful 

antibody response in vivo.14 Knowing that FRs have these strong signaling capabilities, in this 

chapter, we demonstrate that FRs have a strong, initial cytokine response to synergistic MP-

TLR4_7 stimulation, as well as soluble TLR 4/7 agonist, and reduced cytokine secretion using a 

BFA-TL microparticle to ablate FR signaling function.  We also transcriptionally profiled the 

FRs to better understand their downstream immune signaling mechanisms to observe that FRs 

have synergistically upregulated cell adhesion genes 16 h after MP-TLR4_7 stimulation.  Since 

intercellular adhesion is an essential component of immune processes, such as antigen 

presentation, we hypothesize that the signaling role of FRs has shifted focus from their initial 

pro-inflammatory burst to mechanical signaling that can help them present antigen, leading to 
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adaptive immune responses.  These data highlight the powerful signaling role of FRs in the 

immune response to synergistic TLR stimulation.   

 Given technical challenges of simultaneously observing FR cytokine responses and 

population cytokine responses, we have not been able to quantitate the impact of FR cytokine 

release has on population cytokine expression in the case of synergy. We hope the BFA-TL 

system will help elucidate the FR’s function in this respect.  When we determine an effective 

way to ablate FR signaling, we can deduce the role of FR signaling in response to synergistic 

stimulation.  Moreover, we can translate this BFA-TL technology in vivo, to hopefully reduce 

inflammatory side effects of vaccination, while maintaining a protective antibody response.  

These results will help vaccines be developed more optimally to enhance immune signaling 

produced by the cells that already have robust inflammation signaling capabilities. 

3.5 Materials and Methods 

Bone marrow derived DCs: 

GM-CSF murine bone marrow cells were collected from 6-week-old female C57BL/6 mice. 

Red blood cells were lysed with RBC Lysis Buffer (BioLegend). BM cells were plated per well 

in deep petri dishes (VWR) at a concentration of 106/mL. Cells were cultured at 37°C and 5% 

CO2 in culture media: RPMI 1640 (Life Technologies), 10% HIFBS (Gibco), GM-CSF 

(20 ng/mL; recombinant Mouse GM-CSF (carrier-free) from BioLegend), 2 mM l-glutamine 

(Life Technologies), 1% antibiotic- antimycotic (Life Technologies). Media was replenished on 

day 3. Cells were used on day 5. For FLT-3L matured BMDCs, a similar procedure was used but 

replacing GM-CSF with 100 ng/mL of FLT-3L. 

Silica-silane coated polystyrene microparticle (MP) synthesis: 
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PS MPs were synthesized and coated with a silica coating using a procedure from Moser et al.13 

Briefly, uniform, spherical, 2 μm diameter polystyrene  microparticles were synthesized via 

controlled styrene polymerization. 2 g of polyvinylpyrrolidone, MW 40,000 and styrene (20 g), 

washed with NaOH and dried with MgSO4, was dissolved in EtOH (250 mL) and purged with 

nitrogen. AIBN (0.2 g) was added, the mixture stirred at 70°C and 200 rpm for 24 h. Mixture 

was purified by centrifugation (5000 RPM for 5 min, followed by washing 3X in 30 mL of EtOH 

to remove residual monomer, initiator, and stabilizer). The surfaces of MPs were modified with 

reactive thiol groups via Pickering emulsion reaction. A mixture of cyclohexane (45 mL), n-

hexanol (10.8 mL), endotoxin free water (2 mL) and Triton X-114 (10.8 mL) were placed in a 

round-bottom flask and sonicated for 20 min. Particles (0.2 g) were added and the suspension 

was sonicated for 40 min. Tetraethyl-orthosilicate (TEOS) (400 μL) was added dropwise 

followed by 14 M aqueous ammonia (1.2 mL). The resulting solution was stirred for 30 min RT. 

Subsequently, 3-Mercaptosilane (200 μL) was added dropwise and stirred for 6 h. TEOS-

mercaptosilane copolymer coated particles were then pelleted at 3,400 rpm for 30 min and 

washed 3× with EtOH. Particles were dried at 70°C and stored at 4°C. 

TLR agonist surface functionalization: 

Thiol bearing MPs were functionalized with MPLA and Pam2 using thiol-maleimide chemistry. 

First MPs (5 mg) were swelled in ACN (500 uL) for 30 mins under sonication, then 1 mg of 

FITC in 500 uL of ACN was added for a final concentration of 1 mg/mL for 30 mins. MPs were 

then centrifuged for 1 min (5000 rcf), supernatant removed and washed 3x with PBS. For MPs 

conjugated with agonists to TLR7: FITC labeled MPs were dissolved in 500 uL of PBS, then 

5 mg of Bismaleimide-PEG3 was added and allowed to sonicate for 30 min, then washed 3x in 

PBS. During this 2BXY (0.1 mg/mL) was incubated for 5 mins with Traut’s reagent (1 mg/mL) 
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in 500 uL of PBS. After washing, maleimide bearing MPs were incubated with thiol 

functionalized with either Traut’s + 2BXY (500 uL) and sonicated for 30 mins, then washed 10 

times, 3x with PBS, 4x with PBS with 0.1 Tween 20, and 3x with PBS. For TLR4 MPs, 1 mg 

of LPS was dissolved in 400 uL of DMF and 10 ug of p-maleimidophenyl isocyanate added and 

allowed to stir overnight under argon. Then PBS (400 uL) was added followed by 2,2’-

(ethylenedioxy)diethanethiol (4 mg) and allowed to stir for 12 h. 100 uL of this mixture was 

added to the MP with 400 uL of PBS for 30 mins and similarly washed. After conjugation, all 

MPs were diluted in PBS + 0.05 %wt Tween20 at 20, 50 and 100X and then number of MPs in 

10 uL counted using flow cytometry to determine a concentration. MP solutions were diluted to a 

concentration of 1 million MPs per uL of PBS and stored at 4°C until use. 

Liposome synthesis: 

Liposomes were synthesized via membrane extrusion method using a setup from Avanti polar 

lipids and 200 nm extrusion filters. DSPC, PEG2000 PE, Cholesterol, and/or DiD, Heparin-lipid, 

DAP12 peptide lipid and any TLR agonists/ Brefeldin A were combined in 1 mL methanol 

added, dried via lyophilization, and rehydrated in PBS to make a 10 mM total lipid, 200 uL 

solutions. OVA was added during rehydration. Solutions were gently rotated at 67°C and passed 

through a 70°C 200 nm filter 5 times. The liposome solution was dialyzed against PBS with a 

3,500 Da filter for 24 hrs. 

ICS determination of FR cytokine expression:  

BMDCs were plated at 1million/ml in 200 uL in a 96 well plate in 10%HIFBS in DMEM with 

Golgiplug (Biolegend) to inhibit cytokine release from the cells for 1 h before addition of 

immune agonist.  MP-TLRs and/or immune agonist were added as indicated.  After the denoted 
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amount of time, the cells were fixed and permeabilized using a Cytofix/CytoPerm kit (BD 

Biosciences) per the manufacturers instructions.  The cells were stained and run on a ACEA 

NovoCyte Flow cytometer. 

Brefeldin Liposome (BFA-TL) Cytokine Inhibition Experiment 

BMDCs were plated at 1 million/mL in 200 uL in a 96 well plate and were allowed to rest for at 

least 1 h.  Agonist, BFA, and/or BFA-TLs were added as indicated.  After 24 h the supernatant 

was removed and cytokines were sampled using a Mouse Inflammation CBA kit (BD 

Biosciences) according to the manufacturer’s instructions. 

mRNA Transcriptome Analysis: 

For 16 h sequencing: BMDCs were incubated at a 1:1 ratio with MPTLR−X (x = blank, 4, 7) for 16 

h. The FRs and non-FRs were isolated via FACS. RNA was extracted using a Direct-zol RNA-

Microprep kit (Zymo), prepped using SMARTer® Stranded Total RNA-Seq Kit v2 (Takara), and 

sequenced on a NextSeq550 (Illumina). RNA-Seq reads were mapped to GRCm38 mouse 

reference genome using STAR version 2.7.0b.20 The resulting files from the alignment step 

above were taken to evaluate transcriptional expression using subread::featureCounts with 

gencode transcript annotation M19.21 The obtained count table was normalized and log fold 

change in expression was generated using the edgeR package.22 Using the Cell Surface Protein 

Atlas’s  database for mouse cell surface protein, we identified proteins that were most frequently 

upregulated in the most MPTLR−X dosing conditions that met both the following criteria: 2-fold 

upregulation and pval <.05.23 For time series sequencing: BMDCs were incubated at 1:1 ratio 

with MPTLR−4 for 15 min. The FRs and non-FRs were isolated via FACS, washed, and 

resuspended in media. At 0, 0.5, 1, 2, 4 h, the RNA was extracted using a Direct-zol RNA-
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Microprep kit (Zymo). Sequencing was performed by the University of Chicago Genomics Core, 

and BasePairTech’s DESEQ2 pipeline was used to align the reads to the mm10 genome, and 

compute the differential expression and Gene Set Enrichment Analysis. Using the Mouse 

Genomic Informatics database to acquire lists of genes with 1) immune function 2) antigen 

presentation the immune response of the FRs and non-FRs were profiled by analyzing the 

differential expression, using only genes with 2-fold differential expression change and 

pval < .05 for at least one of the timepoints.24 

 

3.6 References 

(1) Querec, T. D.; Pulendran, B. Understanding the Role of Innate Immunity in the 

Mechanism of Action of the Live Attenuated Yellow Fever Vaccine 17D. In Crossroads between 

Innate and Adaptive Immunity; Katsikis, P. D., Schoenberger, S. P., Pulendran, B., Eds.; 

Advances in Experimental Medicine and Biology; Springer US: Boston, MA, 2007; pp 43–53. 

https://doi.org/10.1007/978-0-387-34814-8_3. 

(2) Querec, T.; Bennouna, S.; Alkan, S.; Laouar, Y.; Gorden, K.; Flavell, R.; Akira, S.; 

Ahmed, R.; Pulendran, B. Yellow Fever Vaccine YF-17D Activates Multiple Dendritic Cell 

Subsets via TLR2, 7, 8, and 9 to Stimulate Polyvalent Immunity. J. Exp. Med. 2006, 203 (2), 

413–424. https://doi.org/10.1084/jem.20051720. 

(3) Gaucher, D.; Therrien, R.; Kettaf, N.; Angermann, B. R.; Boucher, G.; Filali-Mouhim, 

A.; Moser, J. M.; Mehta, R. S.; Drake, D. R., III; Castro, E.; Akondy, R.; Rinfret, A.; Yassine-

Diab, B.; Said, E. A.; Chouikh, Y.; Cameron, M. J.; Clum, R.; Kelvin, D.; Somogyi, R.; Greller, 

L. D.; Balderas, R. S.; Wilkinson, P.; Pantaleo, G.; Tartaglia, J.; Haddad, E. K.; Sékaly, R.-P. 



113 
 

Yellow Fever Vaccine Induces Integrated Multilineage and Polyfunctional Immune Responses. 

J. Exp. Med. 2008, 205 (13), 3119–3131. https://doi.org/10.1084/jem.20082292. 

(4) Duggan, J. M.; You, D.; Cleaver, J. O.; Larson, D. T.; Garza, R. J.; Guzmán Pruneda, F. 

A.; Tuvim, M. J.; Zhang, J.; Dickey, B. F.; Evans, S. E. Synergistic Interactions of TLR2/6 and 

TLR9 Induce a High Level of Resistance to Lung Infection in Mice. J. Immunol. Baltim. Md 

1950 2011, 186 (10), 5916–5926. https://doi.org/10.4049/jimmunol.1002122. 

(5) Beutler, E.; Gelbart, T.; West, C. Synergy between TLR2 and TLR4: A Safety 

Mechanism. Blood Cells. Mol. Dis. 2001, 27 (4), 728–730. 

https://doi.org/10.1006/bcmd.2001.0441. 

(6) Fischetti, L.; Zhong, Z.; Pinder, C. L.; Tregoning, J. S.; Shattock, R. J. The Synergistic 

Effects of Combining TLR Ligand Based Adjuvants on the Cytokine Response Are Dependent 

upon P38/JNK Signalling. Cytokine 2017, 99, 287–296. 

https://doi.org/10.1016/j.cyto.2017.08.009. 

(7) Pavot, V.; Rochereau, N.; Rességuier, J.; Gutjahr, A.; Genin, C.; Tiraby, G.; Perouzel, E.; 

Lioux, T.; Vernejoul, F.; Verrier, B.; Paul, S. Cutting Edge: New Chimeric NOD2/TLR2 

Adjuvant Drastically Increases Vaccine Immunogenicity. J. Immunol. Baltim. Md 1950 2014, 

193 (12), 5781–5785. https://doi.org/10.4049/jimmunol.1402184. 

(8) Tom, J. K.; Dotsey, E. Y.; Wong, H. Y.; Stutts, L.; Moore, T.; Davies, D. H.; Felgner, P. 

L.; Esser-Kahn, A. P. Modulation of Innate Immune Responses via Covalently Linked TLR 

Agonists. ACS Cent. Sci. 2015, 1 (8), 439–448. https://doi.org/10.1021/acscentsci.5b00274. 

(9) Mogensen, T. H.; Paludan, S. R.; Kilian, M.; Ostergaard, L. Live Streptococcus 

Pneumoniae, Haemophilus Influenzae, and Neisseria Meningitidis Activate the Inflammatory 



114 
 

Response through Toll-like Receptors 2, 4, and 9 in Species-Specific Patterns. J. Leukoc. Biol. 

2006, 80 (2), 267–277. https://doi.org/10.1189/jlb.1105626. 

(10) Madan-Lala, R.; Pradhan, P.; Roy, K. Combinatorial Delivery of Dual and Triple TLR 

Agonists via Polymeric Pathogen-like Particles Synergistically Enhances Innate and Adaptive 

Immune Responses. Sci. Rep. 2017, 7 (1), 2530. https://doi.org/10.1038/s41598-017-02804-y. 

(11) Kasturi, S. P.; Skountzou, I.; Albrecht, R. A.; Koutsonanos, D.; Hua, T.; Nakaya, H. I.; 

Ravindran, R.; Stewart, S.; Alam, M.; Kwissa, M.; Villinger, F.; Murthy, N.; Steel, J.; Jacob, J.; 

Hogan, R. J.; García-Sastre, A.; Compans, R.; Pulendran, B. Programming the Magnitude and 

Persistence of Antibody Responses with Innate Immunity. Nature 2011, 470 (7335), 543–547. 

https://doi.org/10.1038/nature09737. 

(12) Yang, K.; Whalen, B.; Tirabassi, R. S.; Selin, L.; Levchenko, T.; Torchilin, V. P.; 

Kislauskis, E. H.; Guberski, D. L. A DNA Vaccine Prime Followed By A Liposome-

Encapsulated Protein Boost Confers Enhanced Mucosal Immune Responses And Protection. J. 

Immunol. Baltim. Md 1950 2008, 180 (9), 6159–6167. 

(13) Moser, B. A.; Steinhardt, R. C.; Esser-Kahn, A. P. Surface Coating of Nanoparticles 

Reduces Background Inflammatory Activity While Increasing Particle Uptake and Delivery. 

ACS Biomater. Sci. Eng. 2017, 3 (2), 206–213. https://doi.org/10.1021/acsbiomaterials.6b00473. 

(14) Deak, P. E.; Studnitzer, B.; Ung, T.; Steinhardt, R.; Swartz, M.; Esser-Kahn, A. Isolating 

and Targeting a Highly Active, Stochastic Dendritic Cell Subpopulation for Improved Immune 

Responses. Rochester, NY April 25, 2022. https://doi.org/10.2139/ssrn.4093302. 

(15) Banchereau, J.; Steinman, R. M. Dendritic Cells and the Control of Immunity. Nature 

1998, 392 (6673), 245–252. https://doi.org/10.1038/32588. 



115 
 

(16) Collin, M.; Bigley, V. Human Dendritic Cell Subsets: An Update. Immunology 2018, 154 

(1), 3–20. https://doi.org/10.1111/imm.12888. 

(17) Shalek, A. K.; Satija, R.; Shuga, J.; Trombetta, J. J.; Gennert, D.; Lu, D.; Chen, P.; 

Gertner, R. S.; Gaublomme, J. T.; Yosef, N.; Schwartz, S.; Fowler, B.; Weaver, S.; Wang, J.; 

Wang, X.; Ding, R.; Raychowdhury, R.; Friedman, N.; Hacohen, N.; Park, H.; May, A. P.; 

Regev, A. Single-Cell RNA-Seq Reveals Dynamic Paracrine Control of Cellular Variation. 

Nature 2014, 510 (7505), 363–369. https://doi.org/10.1038/nature13437. 

(18) Van Eyndhoven, L. C.; Singh, A.; Tel, J. Decoding the Dynamics of Multilayered 

Stochastic Antiviral IFN-I Responses. Trends Immunol. 2021, 42 (9), 824–839. 

https://doi.org/10.1016/j.it.2021.07.004. 

(19) Lin, B.; Dutta, B.; Fraser, I. D. C. Systematic Investigation of Multi-TLR Sensing 

Identifies Regulators of Sustained Gene Activation in Macrophages. Cell Syst. 2017, 5 (1), 25-

37.e3. https://doi.org/10.1016/j.cels.2017.06.014. 

(20) Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; 

Chaisson, M.; Gingeras, T. R. STAR: Ultrafast Universal RNA-Seq Aligner, Bioinformatics, 29, 

1, (2013), 15–21, Https://Doi.Org/10.1093/Bioinformatics/Bts635. 

(21) Liao, Y.; Smyth, G. K.; Shi, W. The Subread Aligner: Fast, Accurate and Scalable Read 

Mapping by Seed-and-Vote. Nucleic Acids Res. 2013, 41 (10), e108. 

https://doi.org/10.1093/nar/gkt214. 

(22) Robinson, M. D.; McCarthy, D. J.; Smyth, G. K. EdgeR: A Bioconductor Package for 

Differential Expression Analysis of Digital Gene Expression Data. Bioinformatics 2010, 26 (1), 

139–140. https://doi.org/10.1093/bioinformatics/btp616. 



116 
 

(23) Bausch-Fluck D, Hofmann A, Bock T, Frei AP, Cerciello F, et al. A Mass Spectrometric-

Derived Cell Surface Protein Atlas. PLoS 2015, No. One 10: e0121314. 

(24) Bult, C. J.; Blake, J. A.; Smith, C. L.; Kadin, J. A.; Richardson, J. E.; the Mouse Genome 

Database Group. Mouse Genome Database (MGD) 2019. Nucleic Acids Res. 2019, 47 (D1), 

D801–D806. https://doi.org/10.1093/nar/gky1056. 

 

  



117 
 

Chapter 4: IRF3 plays key inflammatory role in allergic contact 

dermatitis 

4.1 Summary 

Allergic contact dermatitis (ACD) is a condition in which an individual has an 

inflammatory response to small compounds called contact allergens. ACD is estimated to affect 

up to 20 % of the USA’s population and is characterized by a sensitization phase and elicitation 

phase. In this work, we identify IRF-3 is a key inflammatory transcription factor in the ACD 

response.  We demonstrate that the addition of GSK-8612, an IRF-3 inhibitor, reduces IL-8 

levels in THP-1 cells by 30-55% compared to the IL-8 levels induced by the contact allergen, 

only. When mice were treated with both GSK-8612 and DNCB in a local lymph node assay, we 

observed a net reduction in final ear widths of 20 % as well as a reduction in cutaneous IL-1β, 

compared to mice treated with DNCB alone. We are currently testing to see whether IRF3 plays 

an inflammatory role in vivo using IRF3-KO mice and WT mice.  

4.2 Introduction 

Allergic contact dermatitis (ACD) is estimated to affect up to 20 % of the population in 

the USA.1  ACD is a delayed type IV hypersensitivity reaction that occurs after exposure to a 

contact allergen. These contact allergens react with epidermal proteins, such as HSP90, to form a 

haptenated protein.2  This allergen-protein complex is recognized by the innate immune system, 

initiating an immune response.3  The immune response in ACD is broken down into two phases: 

the sensitization phase and the elicitation phase.  In the sensitization phase, the allergen-protein 

complex is detected by pattern recognition receptors (PRRs), such as Toll-like receptor 3 (TLR3) 

and Toll-like receptor (TLR4) on skin resident dendritic cells (DCs), resulting in cytokine release 
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and recruitment of T cells.4  DCs present the allergen-protein complex to naïve CD4+ and CD8+ 

T cells, which leads to T cell activation, proliferation, and differentiation into allergen-specific T 

cells.4  At this point, ACD is in the elicitation phase, which is characterized by rapid skin 

inflammation and pro-inflammatory cytokines upon re-exposure to the same contact allergen.5 

 Currently, there is no cure for ACD, and common treatments only mitigate symptoms.6  

Often a topical corticosteroid is applied to the site of inflammation, but the corticosteroid does 

not completely eradicate inflammation, and long-term use of corticosteroids has a myriad of 

negative side effects, including muscle atrophy and bone loss.7,8,9 As a result, we want to better 

understanding the cellular pathways of ACD to both prevent sensitization and treat ACD.   

Interferon regulating factor 3 (IRF3) is a key transcription factor in the antiviral host 

response.  IRF3 is activated by multiple PRRs, including TLR3 and TLR4.10 After PRR 

activation, IRF3 regulates many immune functions, such as type I interferon (IFN) and IL-8 

expression.11,12  We hypothesize that IRF3 has a role in biological processes of ACD for three 

main reasons.  First, IRF3 is activated by TLR3 and TLR4, which are important PRRs in the 

onset of ACD.13,14   Second, IRF3 regulates IL-8 expression, which is the key cytokine to recruit 

neutrophils to the site of inflammation in ACD – an essential step in both sensitization and 

elicitation –.15,16 Third, our lab has previously inhibited the ACD response with geldanamycin, a 

small molecule that blocks HSP90 mediated activation of IRF3.2,17 Given this information, we 

explored IRF3’s role in ACD in vitro and in vivo, using GSK-8612, a small molecule inhibitor of 

the TBK1-IRF3 complex that is essential for IRF3 activation.18  Additionally, we use IRF3-KO 

mice to demonstrate IRF3 is critical to the development of skin inflammation and 

proinflammatory cytokines in a local lymph node assay. These results elucidate the role of IRF3 

in ACD, which promises to enable novel classes of treatments for ACD.  
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4.3 Results  

4.3.1 GSK-8612, an inhibitor of IRF-3 activity, reduces IL-8 secretion in THP-1s upon co-

stimulation with contact allergens 

To assess whether IRF3 has a role in sensitization for ACD, we examined the secretion of 

IL-8 levels in THP-1 and IRF3-KO THP-1 Dual cells upon stimulation with multiple contact 

allergens. THP-1 cells are a human monocyte cell line and are a well-established platform for 

screening sensitization.19,20 By screening IL-8 release in THP-1 cells, we can reliably determine 

the sensitization potential of contact allergens, since IL-8 is the primary cytokine involved in 

neutrophil recruitment, and neutrophil recruitment is essential to sensitization.20,21  Thus, by 

evaluating IL-8 secretion in vitro, we can screen biological pathways that contribute to 

sensitization, such as IRF-3.  

To test IRF-3’s role in sensitization, we added the following contact allergens: 

dinitrochlorobenzene (DNCB), citral, citral, and 2-methyl-4-isothiazolin-3-one (MIST) – to 

THP-1s as indicated. Along with the contact allergen, we surveyed IL-8 levels using GSK-8612, 

a selective and potent inhibitor of TBK-1 – a kinase that binds to IRF-3 and is essential for IRF-

3’s activation–, to deduce whether IRF-3 has a role in sensitization.18,22   For DNCB, citral, and 

MIST, significant reductions in IL-8 secretion was observed by the THP-1 cells treated with 

contact allergen and GSK-8612, compared to THP-1 cells that were just treated with the contact 

allergen, indicating that GSK-8612 reduces IL-8 secretion in THP-1 cells.  For example, GSK-

8612 reduced IL-8 levels by 32 % for DNCB, 50 % for citral, and 56 % for MIST. (Figure 4.1A-

C). Additionally, there were lower levels of secreted IL-8 in IRF-3 KO THP-1 Dual cells 

compared to THP-1 cells, and GSK-8612 did not reduce IL-8 levels in the IRF-3 KO THP-1 
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Dual cells, demonstrating that GSK-8612 reduces IL-8 expression via an IRF-3 controlled 

mechanism. From these results, we conclude that IRF-3 contributes to IL-8 secretion in vitro and 

sought to determine if IRF-3 plays a role in sensitization in vivo. 

 

Figure 4.1: GSK-8612 reduces IL-8 secretion in THP-1 cells upon co-addition with multiple contact allergens at 

20 h. IRF3-KO THP-1 cells have lower IL-8 secretion than THP-1 cells, and GSK-8612 does not reduce IL-8 

secretion in IRF3-KO THP-1 cells for A) DNCB B) Citral and C) MIST. N=3.   

4.3.2 GSK-8612 reduces ACD response to DNCB in mouse model 

 To study the effect of GSK-8612 on ACD, we performed a local lymph node assay 

(LLNA).  The LLNA is a common procedure for examining ACD in a mouse model.23,24 In this 

assay, a mouse is sensitized to a contact allergen, typically DNCB, by adding a solution 

containing the allergen on stomach of a mouse on days 0-1.  On days 5-8, the same allergen is 

added to the back of the ear of the mouse to elicit the ACD response.  On day 9, the final ear 

width is measured, and local cytokine production in the inflamed ear is assayed. For the LLNA, 

we used a 0.5 % w/v solution of DNCB in a solvent containing 4:1 acetone:olive oil.25  In the 

sensitization phase – days 0-1 – of this experiment, 0.3% w/v of GSK-8612 was included to a 

control and DNCB sensitized experimental groups to determine whether IRF-3 is important to 

sensitization of DNCB.  We chose 0.3 % w/v for GSK-8612, because this molar ratio of 

DNCB:GSK-8612 was found to maximally reduce IL-8 levels in vitro.   
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At the end of the LLNA, we observed roughly a 20% reduction in the final ear widths in 

mice that were subjected to DNCB + GSK-8612 during sensitization compared to mice that were 

only exposed to DNCB during sensitization.  (Figure 4.2A-B).  Moreover, in the DNCB + GSK-

8612 sensitized mice, there was a significant decrease cutaneous for IL-1β levels, but not for 

TNF-α levels compared to mice sensitized with DNCB alone (Figure 4.2C-D).  The reduction in 

both final ear widths and IL-1β levels indicate that GSK-8612 effectively reduces sensitization in 

mice.   

 

Figure 4.2: GSK-8612 reduces ACD response in a local lymph node assay model. A) Ear widths of mice before 

elicitation phase. Treatment groups are labeled as “Sensitization phase treatment / Elicitation phase treatment”.  

For example, a group labeled “GSK-8612 / Solvent” received GSK-8612 during sensitization phase and the 

delivery solvent in the elicitation phase.  B) Ear widths of the mice on day 9, just before sacrifice.  C, D) 

Cytokines in the ear were measured on day 9, with significant results observed for IL-1β. N=5. *p<.05, **p<.01 

***p<.001, ****p<.0001. 

 

4.3.3 IRF-3 KO mice have reduced response to contact allergens in local lymph node model 

To directly assess the impact of IRF-3 on ACD, we screened IRF-3 KO mice and WT 

mice using a LLNA to see their response to DNCB.   We used a 0.5 % w/v solution of DNCB in 

a solvent containing 4:1 acetone: olive oil to topically deliver DNCB to the mice.  For days 0 - 1, 

25 uL of DNCB solution was applied to the shaved mice’s stomachs.  On days 2-4, the mice 

rested, as time is needed for the mice to become sensitized to DNCB.  On days 5-8, the mice 
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were challenged with the same DNCB solution applied to the back of the ear to observe a 

difference in ACD response between IRF-3 KO mice and WT mice.  On day 9 we measured the 

final ear widths and cutaneous cytokines in the ear. 

 In this study, we did not observe a significant difference in final ear widths between WT 

and IRF-3 KO mice.  Additionally, there was no significant difference in cutaneous cytokine 

levels of the pro-inflammatory cytokines IL-12p70 and MCP-1.  Even though these results do 

not suggest a difference between the ACD response between WT and IRF-3 KO mice, this was 

the first attempt running this experiment, and if we compare these results to the LLNA results for 

DNCB / DNCB treated in Figure 4.2, there was less significantly inflammation in final ear 

widths and lower cytokines produced in this experimental attempt.  Therefore, before drawing 

any conclusions about the role of IRF-3 in ACD, this experiment will be reattempted to try to 

induce an elicitation response that matches previous results. 

 

Figure 4.3: There is no difference in ACD response of IRF-3 KO mice compared to WT mice. Both groups received 

DNCB / DNCB treatment for their sensitization and elicitation phases. A) Ear widths of mice before elicitation 

phase. B) Ear widths of the mice on day 9, just before sacrifice.  C, D) Cytokines in the ear were measured on day 9. 

N= 4 or 5. *p<.05, **p<.01 ***p<.001, ****p<.0001. 

4.4 Discussion & Conclusion 

In this study, we report that IRF-3 plays an inflammatory role in the ACD response to 

exposure to contact allergens.  We screened GSK-8612, an IRF-3 inhibitor, to demonstrate that, 
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addition of GSK-8612 with contact allergens, reduces IL-8 secreted levels compared to the levels 

secreted for each the contact allergens tested.  Additionally, we tested GSK-8612’s impact on 

ACD in vivo using a local lymph node assay.  We observed a decrease in final ear widths and IL-

1β for (GSK-8612 + DNCB) / DNCB treated mice compared to DNCB / DNCB treated mice. 

After these results, we tested the ACD response in both WT and IRF-3 KO mice, and on first 

pass, observed no significant difference in ear widths or cytokines between WT and IRF-3 KO 

mice. 

Activation of innate immunity is a key initial step in the ACD response.  Within ACD, 

upstream activators of IRF-3, such as PRRs that recognize contact allergens, as well as 

downstream targets, such as cytokines, have been well characterized.5,13,14  However, relatively 

little is known about the role transcription factors, such as IRF-3, in ACD.  To better understand 

ACD, it is important to have a mechanistic understanding of the pathways that lead to 

inflammation. Since contact allergens have a variety of reactivities and each allergen can react 

with multiple proteins, it is hard to determine pathways of ACD that are independent of contact 

allergen.  Because GSK-8612 reduced IL-8 levels for multiple contact allergens, we would 

expect IRF-3 to be important to the ACD response, regardless of the contact allergen.  The 

mechanism by which IRF-3 activates in the ACD model remains unclear, but given that HSP90 

is important in sensitization and is known to complex with TBK-1 to activate IRF-3, it is 

possible that HSP-90 could be one activator of IRF-3 activity in ACD.2  By studying the role of 

IRF-3 in ACD, we have elucidated a key inflammatory pathway in ACD.  We can leverage this 

information to develop novel, improved therapeutics for ACD. 
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4.5 Materials and Methods 

All chemicals were bought from Sigma Aldrich unless otherwise noted.  Honokiol was 

purchased from Tokyo Chemistry Industry. For the GSK-8612 / DNCB local lymph node assay, 

6-week-old BALB/cByJ mice were purchased from Jackson Laboratory.  For the IRF3-KO 

study, IRF-3 KO C57BL/6 were obtained from Wendy Walker at Texas Tech University, whose 

colony came from Yale, originating from Tadatsugu Taniguchi.26,27,28 These mice were used at 6 

weeks old, along with 6 week old wild type C57BL/6 mice from Jackson Laboratory. All mice 

were housed under controlled light, temperature, and humidity conditions. All experiments were 

conducted with the approval of the University of Chicago Institutional Animal Care and Use 

Committee, and animals were maintained in accordance with guidelines and regulations of the 

National Institutes of Health.  

 

Cell Culture: 

Human monocyte cell line THP-1 (American Type Culture Collection) and IRF3 KO Dual 

Reporter THP-1 Cell line (Invivogen) were grown in RPMC 1640 medium (Life Technologies) 

supplemented 10 % with fetal bovine serum (Thermo Fisher Scientific) and 1 % antibiotic-

antimycotic (Thermo Fisher Scientific) at 37 OC in 5 % CO2 incubator. 

 

In vitro IL-8 Screening:  

For the assay, THP-1 cells were plated at 1 million/mL in a 24 well plate. GSK-8612 were added 

to the indicated samples to achieve a final concentration of 15 µM.  After 5 min, the hapten was 

added. The THP-1s were incubated for 16-20 h.  The cells were centrifuged at 300 x G for 5 
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mins, and the supernatant was subsequently collected to measure IL-8 secretion. IL-8 was 

quantified with IL-8 ELISAMAX (BioLegend) using the manufacturer’s procedure, and 

absorbance was analyzed using a Multiskan FC plate reader (Thermo Scientific) at 450 nm. 

 

Cell Viability: 

At the end of IL-8 screen, the THP-1 cells were resuspended in 100 µL media. 5 mg of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was dissolved in 1 mL PBS. 10 

µL MTT solution was added to the cells.  After 3 hours, 65 µL of cell supernatant was added to 

100 µL of DMSO and incubated at 37 OC for 10 min.  The absorbances were analyzed using a 

Multiskan FC plate reader (Thermo Scientific) at 570 nm to assess viability. 

 

Contact Hypersensitivity Animal Model: 

Mice were allowed to acclimatize for 1 week prior to the start of experimentation and used at 6-8 

weeks of age. The abdomen of the mice was shaved with a razor. On days 0 and 1, the mice were 

sensitized with 25 µL of solvent (1:4 v/v olive oil/acetone) containing 0.5 % w/v DNCB with 

0.3% GSK-8612. After 3 days of rest, the mice were challenged on days 5-8 on the back of the 

ear with 10 μL solvent or solutions as indicated. On day 9, the final ear widths were measured, 

mice were sacrificed, and ears were excised.  The ears were mechanically homogenized on ice in 

0.5 mL of RPMI. The protein was retrieved by centrifuging at 20,000 g at 4 OC for 20 min and 

collecting the supernatant. Cutaneous cytokine levels were quantified using CBA Mouse 

Inflammation Kit (BD Biosciences) according to the manufacturer’s procedure and analyzed on a 

NovoCyte Flow Cytometer (ACEA Biosciences). 
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Chapter 5: Honokiol Reduces Both Sensitization and Elicitation in 

Allergic Contact Dermatitis 

5.1 Summary 

Allergic contact dermatitis (ACD) is a condition in which an individual has an 

inflammatory response to small compounds called haptens. ACD affects up to 20 % of the 

USA’s population and is characterized by a sensitization phase and elicitation phase. In this 

work, we identify honokiol (HON) as the first known compound to reduce both sensitization and 

elicitation to dinitrochlorobenzene (DNCB), a model hapten. When mice were treated with both 

HON and DNCB in the sensitization phase, we observed a net reduction in final ear widths of 24 

% compared to mice treated with DNCB alone. In comparison, mice treated with DNCB + 

hydrocortisone (HC), a topical corticosteroid used to treat the elicitation phase of ACD, 

displayed no decrease in inflammation compared to DNCB sensitized mice. To test the effect of 

HON and HC on elicitation, mice challenged with HON + DNCB or HC + DNCB in the 

elicitation phase had a net reduction in final ear widths of 24 % for HON + DNCB and 68% for 

HC + DNCB, respectively, compared to DNCB alone.  Moreover, we found lower levels of pro-

inflammatory cytokines in the ears of both HON + DNCB and HC + DNCB treated mice, 

suggesting both HON and HC are viable treatments for reducing inflammation in the elicitation 

phase.  We anticipate HON and HC reduce elicitation via their anti-inflammatory activity.  From 

these experiments, we conclude that HON is effective at reducing both sensitization and 

elicitation.  HON is less effective than HC at treating ACD in the elicitation phase but could be a 

useful alternate treatment in patients that have developed ACD to topical corticosteroids.  

Moreover, HON could be included in fragrance products to reduce sensitization toward haptens 
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commonly improved in these products, which could both reduce the prevalence of ACD in the 

general population and mitigate inflammation in individuals with ACD. 

5.2 Introduction 

Allergic contact dermatitis (ACD) is estimated to affect up to 20 % of the population in 

the USA.1  ACD is typically caused by small, reactive molecules called haptens, which are 

commonly found in cosmetic and fragrance products.  These haptens react with epidermal 

proteins, such as HSP90, to form a haptenated protein.2  These haptenated proteins are 

recognized by the innate immune system, resulting in a pro-inflammatory response.3 The ACD 

response occurs in two phases: the sensitization phase followed by the elicitation phase.  In the 

sensitization phase, these haptenated proteins are detected by pattern recognition receptors 

(PRRs) on skin-resident dendritic cells (DCs), resulting recruitment of immune cells, with T cell 

and neutrophil recruitment being critical for sensitization.4,5  These DCs present haptenated 

peptide to naïve T cells. These T cells become activated, proliferate, and differentiate into 

hapten-specific T cells.4 Re-exposure to the same hapten can induce skin inflammation and pro-

inflammatory cytokines, which are key characteristics of the elicitation phase.6  

  In addition to T cells, neutrophils are major players in acute inflammation and are 

essential for sensitization and elicitation.5,7 After exposure to a hapten, neutrophils are recruited 

to the exposure site, resulting in further chemokine and cytokine release. A key mediator of this 

neutrophil recruitment in ACD is NRF2. 5,8 NRF2 is a transcription factor that regulates redox 

balance and homeostasis.9  After hapten exposure, NRF2 activity results in upregulation of 

antioxidant genes and decreased chemokine production, leading to reduced inflammation.8  As a 

result, NRF2 could be a potential therapeutic target for mitigating ACD.   
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Currently, topical corticosteroids are the most common treatment for inflammation in the 

elicitation phase. Topical corticosteroids are pleotropic compounds that signal through 

glucocorticoid receptors leading to strong anti-inflammatory biological activity.10 However, they 

do not completely irradicate inflammation, long-term use can lead to muscle atrophy, and their 

role on the initial sensitization to haptens has not been studied.11  Additionally, roughly 0.5 % of 

people treated with corticosteroids develop ACD to these compounds.12 As such, there is a need 

to find alternative treatments for ACD. 

Honokiol is a polyphenolic compound derived from magnolia tree bark and commonly 

used in Eastern medicine in a variety of therapeutic areas.13  Recently, several groups have 

shown that honokiol inhibits the production of reactive oxygen species (ROS) in neutrophils by 

activating the NRF2 pathway.14,15   Additionally, honokiol has anti-inflammatory activity 

through the inhibition of NF-κB, leading to reduction of pro-inflammatory cytokines.16,17  Given 

honokiol’s NRF2 activity and anti-inflammatory properties, we hypothesized that honokiol could 

reduce inflammation in the sensitization and elicitation phases of ACD.   

5.3 Results 

5.3.1 Honokiol & hydrocortisone reduce IL-8 in THP-1 cells after co-stimulation with 

haptens 

To assess whether honokiol (HON) reduces sensitization, we examined its effect on IL-8 

levels of THP-1 cells after co-stimulation with known haptens. THP-1 cells are a human 

monocyte cell line and are a well-established platform for screening sensitization.18 By screening 

IL-8 release in THP-1 cells, we can reliably determine the sensitization potential of haptens, 

since IL-8 is the primary cytokine involved in neutrophil recruitment, and neutrophil recruitment 
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is essential to sensitization.19,5  Thus, by evaluating reductions in IL-8 secretion in vitro, we can 

screen compounds, such as HON, to see if they would be potential candidates for reducing 

sensitization.19   

To test whether HON could reduce the IL-8 response, we added the following haptens: 

dinitrochlorobenzene (DNCB), cinnamaldehyde (CINA), citral, and 2-methyl-4-isothiazolin-3-

one (MIST) – to THP-1 cells along with HON or hydrocortisone (HC) as indicated.  We included 

HC since it is a commercially available topical corticosteroid that is commonly used to treat 

ACD.  For DNCB, CINA, citral, and MIST, significant reductions in IL-8 secretion was 

observed by the THP-1 cells that were treated with HON or HC (Figure 5.1).  The largest 

observed decrease in IL-8 secretion was observed in THP-1 cells treated with citral, for which 

addition of HON or HC reduced IL-8 levels by ~ 70%. Despite the varying chemical reactivity of 

the haptens used in this screen, HON or HC were generally found to reduce IL-8 expression. We 

therefore sought to test whether HON and HC would function similarly in vivo to inhibit 

sensitization in a mouse model of ACD. 

 

Figure 5.1: Honokiol and hydrocortisone reduce IL-8 levels in vitro for various haptens.  THP-1s were incubated 

with indicated compounds for 20 h.  IL-8 levels were significantly reduced by inclusion of honokiol or 

hydrocortisone for each of A) DNCB, B) CINA, C) citral, D) MIST treated cells.  N=3. *p<.05, **p<.01, 

***p<.001, ****p<.0001 
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5.3.2 Honokiol reduces sensitization to DNCB in mouse model, while hydrocortisone does 

not. 

To study the effect of HON and HC on sensitization, we performed a local lymph node 

assay (LLNA).  The LLNA is a common procedure for examining ACD in a mouse model.20  In 

this assay, a mouse is sensitized to a hapten, typically DNCB, by adding a solution containing 

the hapten on stomach of a mouse on days 0-1.  On days 5-8, the same hapten is added to the 

back of the ear of the mouse to elicit the ACD response.  On day 9, the final ear width is 

measured, and local cytokine production in the inflamed ear is assayed (Figure 5.2A). For the 

LLNA, we used a 0.5 % w/v solution of DNCB in a solvent containing 4:1 acetone: olive oil.  In 

the sensitization phase – days 0-1 – of this experiment, 0.7% w/v of HON and 1% w/v of HC 

were added to the control and DNCB sensitized experimental groups to observe their effect on 

sensitization.  We chose 0.7 % w/v for HON and 1% w/v for HC because this molar ratio of 

DNCB:HON (or HC) was found to maximally reduce IL-8 levels in vitro.  Conveniently, HC 

cream is also sold over the counter at 1% as a treatment for the elicitation phase of ACD. 

At the end of the LLNA, we observed a 24% reduction in the final ear widths in mice that 

were subjected to HON + DNCB during sensitization compared to mice that were only exposed 

to DNCB during sensitization.  (Figure 5.2B-C).  Moreover, in the HON+DNCB sensitized mice, 

a significant decrease cutaneous TNF-α levels was observed compared to mice sensitized with 

DNCB alone (Figure 5.2D).  The reduction in both final ear widths and TNF-α levels indicate 

that HON effectively reduces sensitization in mice.  However, for HC+DNCB sensitized mice, 

there was no difference in final ear width compared to DNCB-sensitized mice. Additionally, in 

HC+DNCB sensitized mice, reduction of TNF-α and increase in MCP-1 production were 
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observed relative to DNCB mice.  Based on these data, we conclude that HC does not reduce 

sensitization in mice, while HON does. 

 

Figure 5.2: Honokiol reduces sensitization in mice; hydrocortisone does not.  A) Experimental timeline, in which 

honokiol or hydrocortisone were added during the sensitization phase (highlighted in red) as indicated. B) Ear 

widths of mice before elicitation phase. Treatment groups are labeled as “Sensitization phase treatment / Elicitation 

phase treatment”.  For example, a group labeled “HON / Solvent” received honokiol during sensitization phase and 

the delivery solvent in the elicitation phase.  C) Ear widths of the mice on day 9, just before sacrifice.  D, E) 

Cytokines in the ear were measured on day 9, with significant results observed for TNF-α and MCP1. N=5. *p<.05, 

**p<.01. 
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5.3.3 Hydrocortisone and honokiol both reduce inflammation during the elicitation phase 

of ACD 

After assessing whether HON and HC reduce sensitization, we thought it would be 

important to test whether they reduce elicitation since long-term use of topical corticosteroid use 

can have negative health effects.  To study the effect of HON and HC on elicitation, we 

performed a similar LLNA.  In this second iteration, no HON or HC was used during the 

sensitization phase; instead, we subjected the mice to HON or HC, along with DNCB, as 

indicated during the elicitation phase on days 5-8 (Figure 5.3A).  For example, an experimental 

group denoted as DNCB/(HON+DNCB) was treated with DNCB during the sensitization phase, 

and then was subjected to HON + DNCB in the elicitation phase. 

At the end of the elicitation phase, we observed significant 24 % decrease in the final ear 

widths of mice treated with DNCB/(HON+ DNCB) compared to the DNCB/DNCB mice (Figure 

5.3B-C). Similarly, TNF-α and IL-6 levels were reduced for DNCB/(HON+ DNCB) mice 

(Figure 5.3D-F).  For DNCB/(HC+ DNCB) mice, we observed a 68% decrease in net ear widths 

compared to DNCB/DNCB mice.  Moreover, there were strong reductions in TNF-α, IL-6, and 

MCP-1 for DNCB/(HC+ DNCB) treated mice. This reduction in ear width and pro-inflammatory 

cytokine production is expected, as HC is already used to treat the elicitation phase in ACD.  

Compared to HON, HC more strongly reduced ear inflammation and pro-inflammatory cytokine 

production in the elicitation phase.  However, it is important to note that HON is the first known 

compound to reduce both elicitation and sensitization phase in ACD.  Consequently, the 

inclusion of HON in products with known haptens could reduce the impact of ACD on the 

general population. 
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Figure 5.3) Honokiol and hydrocortisone reduce inflammation in elicitation.  A) Experimental timeline, in which 

mice were treated with honokiol or hydrocortisone, as indicated, during the elicitation phase (highlighted in red). B) 

Ear widths of mice before elicitation phase. C) Ear widths of the mice on day 9, just before sacrifice.  D,E, F) 

Cytokines in the ear were measured on day 9, with significant reduction observed in mice treated with DNCB + 

HON and DNCB + HC in the elicitation phase compared those treated with DNCB for TNF-α, MCP1, and IL-6. 

N=5. *p<.05, **p<.01, ***p<.001, ****p<.0001. 

 

5.4 Discussion & Conclusion 

In this study, we report that HON reduces both sensitization and elicitation to DNCB in a 

mouse model – the first known compound to reduce both phases of ACD.  We first screened 
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HON and HC in vitro for their potential to reduce sensitization.  After observing a decrease of 

secreted IL-8 in THP-1 monocytes treated with DNCB and either HON or HC compared to 

DNCB, we further screened these compounds’ abilities to reduce sensitization in vivo.  When 

mice were subjected to DNCB + HON in the sensitization phase, the final ear widths were 

reduced and there was lower cutaneous TNF-α levels than DNCB sensitized mice. We 

hypothesize that HON reduces sensitization through its NRF2 activity.  NRF2 is a transcription 

factor that is activated to ameliorate oxidative stress.21 Haptens are small, reactive molecules that 

induce oxidative stress in cells. As such, NRF2 inhibits sensitization by mitigating the oxidative 

stress experienced by cells after hapten exposure.21  We expect HON’s anti-inflammatory 

activity to play a lesser role in sensitization, since HC, a potent anti-inflammatory, did not reduce 

sensitization, even though inflammatory signaling is a key event in the early sensitization stage.  

One event that is critical for sensitization is neutrophil recruitment, and HC is known to increase 

neutrophil counts at the site of exposure for up to 24 h.5,22  Since MCP-1 is involved in 

neutrophil recruitment and MCP-1 levels were increased for HC + DNCB sensitized mice, it is 

possible that neutrophil recruitment is counteracting HC’s overall anti-inflammatory properties 

during sensitization.   

In the elicitation phase, we observed reductions in inflammation in both DNCB/(DNCB + 

HON) and DNCB/(DNCB+HC) mice compared to DNCB/DNCB treated mice.  The elicitation 

phase is characterized by the presence of skin inflammation and cytokine release upon re-

exposure to haptens.  As such, we expect the anti-inflammatory properties of HON and HC to be 

key to this reduction of ear widths and cytokine levels.  As a common treatment for the 

elicitation phase of ACD, HC drastically reduced inflammation.  However, roughly 0.5 % of 

patients that develop ACD to topical corticosteroids, and chronic exposure to topical 
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corticosteroids can lead to muscle atrophy, bone loss, and diabetes.12,23,24,25  Notably, there was a 

significant reduction of elicitation in DNCB/(DNCB + HON) treated mice.  Considering HON is 

already used in Eastern medicine without obvious toxicity, HON could be a valuable, alternate 

treatment for patients that develop negative side effects to topical corticosteroids.  Since haptens 

are commonly found in fragrance products, HON could be included in these types of products to 

reduce sensitization to a breadth of haptens.   Given these results, we hope that HON can 

ameliorate the impact of ACD in the general population. 

5.5 Materials and Methods 

All chemicals were bought from Sigma Aldrich unless otherwise noted.  Honokiol was 

purchased from Tokyo Chemistry Industry. 6-week-old BALB/cByJ mice were purchased from 

Jackson Laboratory and housed under controlled light, temperature, and humidity conditions. All 

experiments were conducted with the approval of the University of Chicago Institutional Animal 

Care and Use Committee, and animals were maintained in accordance with guidelines and 

regulations of the National Institutes of Health.  

Cell Culture: 

Human monocyte cell line THP-1 was obtained from American Type Culture Collection and 

grown in RPMC 1640 medium (Life Technologies) supplemented 10 % with fetal bovine serum 

(Thermo Fisher Scientific) and 1 % antibiotic-antimycotic (Thermo Fisher Scientific) at 37 OC in 

5 % CO2 incubator. 

In vitro IL-8 Screening: 

For the assay, THP-1 cells were plated at 1 million/mL in a 24 well plate. Honokiol or 

hydrocortisone were added to the indicated samples to achieve a final concentration of 20 µM.  
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After 5 min, the hapten was added. The THP-1s were incubated for 16-20 h.  The cells were 

centrifuged at 300 x G for 5 mins, and the supernatant was subsequently collected to measure IL-

8 secretion. IL-8 was quantified with IL-8 ELISAMAX (BioLegend) using the manufacturer’s 

procedure, and absorbance was analyzed using a Multiskan FC plate reader (Thermo Scientific) 

at 450 nm. 

Cell Viability: 

At the end of IL-8 screen, the THP-1 cells were resuspended in 100 µL media. 5 mg of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was dissolved in 1 mL PBS. 10 

µL MTT solution was added to the cells.  After 3 hours, 65 µL of cell supernatant was added to 

100 µL of DMSO and incubated at 37 OC for 10 min.  The absorbances were analyzed using a 

Multiskan FC plate reader (Thermo Scientific) at 570 nm to assess viability. 

Contact Hypersensitivity Animal Model: 

Mice were allowed to acclimatize for 1 week prior to the start of experimentation and used at 6-8 

weeks of age. The abdomen of the mice was shaved with a razor. On days 0 and 1, the mice were 

sensitized with 25 µL of solvent (1:4 v/v olive oil/acetone) containing 0.5 % w/v DNCB with 

0.7% HON or 1% HC as indicated. After 3 days of rest, the mice were challenged on days 5-8 on 

the back of the ear with 10 μL solvent or solutions as indicated. On day 9, the final ear widths 

were measured, mice were sacrificed, and ears were excised.  The ears were mechanically 

homogenized on ice in 0.5 mL of RPMI. The protein was retrieved by centrifuging at 20,000 g at 

4 OC for 20 min and collecting the supernatant. Cutaneous cytokine levels were quantified using 

CBA Mouse Inflammation Kit (BD Biosciences) according to the manufacturer’s procedure and 

analyzed on a NovoCyte Flow Cytometer (ACEA Biosciences). 
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Statistical Analyses: Statistical analyses were performed using GraphPad Prism. Comparisons 

between two or more groups were performed using two-way ANOVA with Tukey’s multiple 

comparison test. Graphs report the mean with standard deviation unless noted otherwise in the 

caption.  
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Figure S1. FRs contain a statically improbable number of TLR agonist-conjugated MPs. Related to Figure 1 and 2.   (A) Chemistry schematic of 
the thiol-maleimide chemistry for TLR agonist conjugation (B)SEM of MPTLR4 , scale bar= 500 nm. (C) RAW Blue assay of TLR conjugated MP 
(grey) with free agonist (black) for comparison, note that RAWs do not express TLR5.  (D) HEK-mTLR5 assay for free !agellin (FLA) and !agellin 
conjugated MPs.  (E) Calculation of the number of molecules per MP via BCA assay using free agonists as standard curves.  (F) Representative 
confocal images of BMDCs treated with either 2 µm MPs (MPblank, left) or unconjugated 250 nm NPs (right).  (G) 100K Spleen DCs were 
incubated with 100K of varying MP formulations for 15 minutes, washed and then analyzed via ImageStream.  The number of MPs uptaken 
by each cell was determined using the “spot counter” function on the IDEAS software and the percentage of all MPs in FRs was calculated. 
Simulated values estimate the number of MPs in the top 5% of MP signal using the Poisson distribution and the average number of 
MPs/Cells. The number of cells was normalized to 10k total MPs uptaken per sample. The number of cells with 1-6 MPs in these samples 
(actual) were compared to a random Poisson distribution (simulated). (H) This analysis was repeated and includes RAW cells and BMDCs and 
a ratio of the actual/simulated (probability ratio) was determined. (I) Repeated analysis from part H but varying the ratio of MPs to cells. (J) 
MP:Cell ratios change percentage of MP uptaken in FR populations.  1 million BMDCs were incubated with MPTLR4 at various cell to MP ratios 
for 15 mins, washed and then analyzed via Imagestream analysis (100K cells analyzed).  The total number of MPs uptaken were calculated 
and compared to the MPs uptaken in the FR population (top 5% of MP signal). (K) 10 million splenocytes were incubated with 10 million MP 
conjugated with various TLR agonists for 15 mins, stained on ice and analyzed via spectral !ow. The percent of cDC2 cells in the FR subpopu-
lation was calculated.  (L) Similar to "g 1B, the result from part K was compared to a random Poission distribution.   (M) FRs are not selectively 
uptaken by a subset of BMDCs.  BMDCs were generated via GM-CSF or FTL-3L or splenocytes were incubated with MPblank(1:1 for BMDCs, 1:5 
for splenocytes MP:cell) for 15 min, washed and stained for cell surface markers.  Gating strategy.  (N) % of cell population in various compart-
ments for (left) all CD19/CD3- CD45+ live cells, (middle) all CD11c+ cells or (right) CD11c+ MPhipopulation. part N; N=5 for all other N=3, error 
bars are ± SD. Signi"cance was determined by two-way ANOVA *p<0.05, **p<0.01, ***p<1x10-4 and NS= not signi"cant.

Figure S3. FRs have increased TNFα and MHC expression but not TLR and seem to cycle through FR populations. Related to "gure 2. (A) 10k 
BMDCs were incubated on a coverslip and then treated with MP-Blank MP-TLR2, MP-TLR4 or free LPS (1 ug/mL) for 15 mins, then washed an 
incubated with brefeldin A for 4 hrs (0.5 ug/mL).  Cells were then "xed, permeabilized and stained for TNFa (red) and the nucleus (Blue).  Note 
that TNFα expression is concentrated in a small number of cells.  (B) Expanded data from "gure 2A, showing BMDCs treated with all TLR-MPs.  
FRs do not have increased TLR expression. 100k cells were incubated with various MP formulations for 15 mins in a 1:1 ratio, washed and then 
stained for either TLR2 and TLR4 expression.  The fold TLR expression increase between FRs and nFRs is calculated. (C) BMDCs, (D) monocyte 
derived DCs (moDCs). Signi"cance for C and D was calculated between untreated cell and MP treated cells.  (E) FRs have increased MHC 
expression and antigen presentation in vitro. 1 million BMDCs were incubated with OVA-AF647 (10 ug/mL) for 3 hrs with 1 million MPs then 
stained for MHCII and MHCI-SIINFEKL.  Fold increase calculated from CD11c+ cells FR/nFRs.  (F) Schematic of experiment. (G) 100k non-FR 
(sorted out from experiment in "gure 3C/D) were allowed to incubate for various timepoints, then restimulated with MPTLR4 for 15 mins (1:1), 
washed and then added to naïve BMDCs (10 naïve:1 non-FRs) then tested for CD40 expression or (H) TNFα. (I) Naïve BMDCs were stimulated at 
1:1 ratio with MPTLR4 and isolated the FRs and non-FRs via FACS.  After 0, 1, or 2 h incubation, FRs, non-FRs, and unsorted BMDCs were added 
to 1 million naïve BMDCs in a 1:10 ratio. After 16 hr, CD40 expression was measured via conventional !ow cytometry. (J) Same experiment as I, 
but the naïve BMDCs were plated on the bottom section of a transwell assay and the MP-stimulated FRs, non-FRs, and unsorted BMDCs were 
plated on top of the membrane. Kinetic ICS of FRs vs all DCs.  Raw data used to generate ratios in "gure 2G.  Splenocytes were treated with (K) 
PBS, (L) 100 ng/mL LPS in the FR kinetic experiment described in "gure 2G. Results showing TNFα+ populations for all DCs (blue) vs FRs (red).  
N=5 mice per group. +/- indicate SD. Signi"cance was determined by two-way ANOVA *p<0.05, **p<0.01, ***p<1x10-4 and NS= not signi"-
cant.
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Figure S5. FRs overexpress FR related cell surface markers. (A) 1 million BMDCs, (B) 1 million RAW cells 

or (C) 1 million splenocytes were incubated with MP of various formula�ons for 15 mins, washed and 

stained for an�bodies for the listed cellular markers as well as CD11c+. Note that A and C were gated on 

CD11c+ popula�ons. The ra�o of protein posi�ve cells in “FR” popula�on (i.e. cells with the top 5% of 

MP signal) were divided by non-FR popula�on to calculate FRs overexpress PRG2 and DAP12 receptor, 

while most cell do not. (D-G) Skin, lymph node and spleen cells from figure 4 were phenotyped for 

immune cell popula�ons and DAP12/PRG2 coexpression.  (D) Coexpression of DAP12/PRG2 on various 

immune cell popula�ons.  (E) DAP12 MFI (F) PRG2 MFI and (G) DAP12/PRG2+ cell popula�on for all 

CD45 cell or DCs, both all cells and FR popula�ons. Each group had N=5 mice, error bars indicate ±SD. 

Significance was determined by two-way ANOVA *p<0.05, **p<0.01, ***p<1x10-4 and NS= not 

significant. Related to Figure 4. 
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Figure S6. FR Targeting liposome characterization. Related to !gure 5. (A) DAP12 targeting peptide 
was conjugated to a palmitic acid tail, puri!ed via HPLC and characterized via MS.  (B) DAP12 lipid was 
loaded at 0.01, 0.1 and 1 % and with 0.1% DiD and incubated with BMDCs for 15 mins, washed and 
then incubated with MPTLR4 (1:1) for 15 mins, washed and analyzed via "ow cytometry.  (C) 
Chemistry of heparin sulfate-lipid. (D) HPLC analysis of DAP12/heparin lipid.  Liposomes were 
synthesized with DAP12 peptide (1%) and heparin at (10%) (DAP/Hep) and then dialyzed with 10kDa 
!lters in PBS for 24 hrs.  Loading was calculated against a standard curve via HPLC.  (E) DLS analysis of 
200 nm liposomes.  (F-G) 200 nm liposomes were synthesized at 10 mM total lipid and loaded with 
OVA (1 mg/mL) and OVA plus CpG (.2 mg/mL), R848 (.2 mg/mL) or Brefeldin A (1 mg/mL), dialyzed for 
24 hrs with a 10 kDa membrane against PBS.  (F) HPLC analysis of loading and (G) DLS analysis of 
liposomes. (H-I) FR targeting liposomes are most e#ective with both DAP12 targeting and heparin 
sulfate-lipid. DiD loaded (0.1%) liposomes were prepare with (H) DAP12 targeted peptide-lipid at 1% 
(I) heparin-lipid at 1% or (J) both.  BMDCs were incubated with liposomes for 15 mins, washed and 
then incubated with MPs (1:1) for 15 mins then washed and analyzed via "ow. (K) Brefeldin A loaded 
liposomes suppress global DC activation only when targeted to FRs.   500k BMDCs were incubated 
with liposomes with or without targeted loaded with brefeldin A (loaded at 1% total lipid) the 
incubated for 1 hr and washed and incubated with 1 ug/mL of R848 for 16 hrs, then tested for CD40 
expression via "ow cytometry.  (L) Quanti!cation of FR-TL confocal experiment in Figure 5F. (left) wide 
!eld microscopy image of non-TL (10 uM)+ MP+BMDCs (middle) image of FR-TL (10 uM) + MP + 
BMDCs. (Right) Quanti!cation of images.  3 images from three separate wells with >100 cells per 
image were analyzed via Fuji and average RFU of liposome intensity calculated.  All experiments were 
performed in biological triplicates, error bars indicate ±SD.Signi!cance was determined by two-way 
ANOVA *p<0.05, **p<0.01, ***p<1x10-4 and NS= not signi!cant
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