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ABSTRACT 

Chronic or widespread inflammation has been implicated in the pathophysiology 

of several human disease states, including adult systemic inflammatory response 

syndrome (SIRS) and Alzheimer’s disease. This chronic inflammation is the result of 

cytokine production by macrophages and other lymphocytes. One mechanism for the 

activation of pro-inflammatory cytokines is signaling through toll-like receptor 4 (TLR4) 

on the surface of the cell. TLR4, with the help of MD-2, specifically binds 

lipopolysaccharide (LPS), a compound on the outer membrane of gram-negative bacteria. 

This binding initiates a signal cascade and activates the MAPK pathway, containing 

intermediates such as JNK and ERK. Results from Western blots of lysates from 

RAW264.7 cells show a peak in expression of signal cascade intermediates pJNK and 

pERK following 30 minutes of LPS treatment. Production of downstream TNF-α 

continued to increase at 90 minutes LPS treatment, while IL-1β showed no response to 

LPS up to 90 minutes of treatment. Use two different dendrimers, synthetic chemical 

compounds designed to bind to MD-2 and therefore prevent binding of LPS and block 

activation of TLR4-mediated pro-inflammatory cytokine production was found to have 

no effect on activation of signal cascade intermediates. Similarly, these two compounds 

did not reduce TNF-α or IL-1β when compared to LPS or cell alone as hypothesized. 

Future studies will address the ratio of cells:LPS:compound in order to determine if these 

results are due to sensitivity of the detection methods used in this experiment or the 

compound design and its biochemical activity. If positive results can be obtained in vitro, 

studies can move in vivo to test the ability of this compound to be used as a 

pharmacological agent to prevent and decrease inflammation. 
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INTRODUCTION 

Upon invasion by a pathogen, the innate immune system is first activated. This 

line of defense is rapid but non-specific to the pathogen. The innate immune system 

consists of several components including defensins, interferons, phagocytes, and 

complement pathways (Parham & Janeway, 2009). These pathways work together to 

permeate the cell membrane of the invading pathogen, enhance phagocytosis, and 

activate the adaptive immune response when the infection is more than the innate 

immune system can manage. The result of activation of the innate immune system          

is inflammation. 

Localized inflammation is characterized by heat, pain, redness, and swelling 

(Parham & Janeway, 2009). This response is due to our own immune system, not the 

invading organism itself. The cause of the symptoms recognized as inflammation occurs 

due to resident macrophages at the site of infection secreting cytokines and chemokines. 

This can be in response to complement-mediated phagocytosis of the pathogen, direct 

pathogen binding, and help from the TH2 cells, in addition to others (Parham & Janeway, 

2009). Cytokines are small proteins produced by activated cells that can cause activation 

and differentiation of target cells after binding to a receptor target on the surface; 

chemokines are chemical signaling molecules that aid in the trafficking of leukocytes to 

the site of infection (Parham & Janeway, 2009). There can be two types of cytokines, 

pro-inflammatory and anti-inflammatory. In this case, macrophages are stimulated to 

produce pro-inflammatory cytokines, predominantly IL-1β, TNF-α, CXCL8 (IL-8), IL-

12, and IL-6 (Parham & Janeway, 2009). Each of these cytokines plays a particular role 

in the development of symptoms of inflammation. Locally, IL-1β and TNF-α can cause 
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vasodilation and destruction of local tissue, allowing in an influx of neutrophils and other 

leukocytes, along with fluid, into the area. The fluid, now in the tissue instead of the 

vasculature, produces swelling that then compresses nerve endings to cause pain (Parham 

& Janeway, 2009). Redness is due to red blood cells that leave the vasculature in the fluid 

and get trapped in tissue (Parham & Janeway, 2009). CXCL8 is a chemokine that is 

responsible for the direction of neutrophils, phagocytic first responders, to the site of 

infection. IL-12 is involved in the activation of another cell type, natural killer (NK) 

cells. NK cells fall under a class of leukocyte known as lymphoid cells, along with B 

cells and T cells, and are capable of directly killing virally infected cells. IL-6 has more 

of a systemic effect and is predominantly responsible for the onset of a fever. A fever is a 

reset of the thermoregulation of the body at the hypothalamus to a higher temperature, 

one at which many pathogens can no longer survive (Parham & Janeway, 2009).     

In some situations, inflammation can become systemic. This occurs when 

macrophages in the liver and spleen, as opposed to just at the site of infection, become 

activated and secrete these pro-inflammatory cytokines, primarily TNF-α (Parham & 

Janeway, 2009). Increased cytokine levels increases hepatocyte secretion of acute phase 

proteins, proteins involved in activation of the various complement pathways. The result 

is systemic vasodilation, a decrease in circulating blood volume, and consequently a drop 

in blood pressure (Parham & Janeway, 2009). Clotting factors are then exhausted trying 

to reverse this condition of system-wide leaky vasculature, resulting in multisystem organ 

failure, a condition known as septic shock (Parham & Janeway, 2009).  

The start of the host inflammatory response is quite diverse in nature, a beneficial 

adaptation given the large number of potential pathogens and entry sites. One way 
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pathogen recognition can occur is through cell-mediated identification of foreign 

organisms. Human cell surface pathogen recognition receptors (PRRs) bind pathogen 

associated molecular patterns (PAMPs) on the surface of invading pathogens causing 

host cell activation. An example of a PRR is the toll-like receptors (TLRs). There are 

several different TLRs, each of which responds to one or more distinct PAMPs. Toll-like 

receptor 4 (TLR4) is known to bind lipopolysaccharide (LPS), a macromolecule that 

composes 75% of the outer membrane of gram-negative bacteria (Ramachandran, 2014). 

The interaction of LPS and TLR4 leads to downstream activation of two pathways, the 

myeloid differentiation primary response protein (MyD88)-dependent pathway and the 

MyD88-independent pathway, otherwise known as the TIR-domain containing adapter-

inducing interferon-β (TRIF) pathway (Ramachandran, 2014; Gioannini et al., 2014). The 

MyD88-dependent pathway results in the activation of the nuclear factor κB (NFκB) and 

mitogen-activated protein kinase (MAPK) pathways, ending in the production of pro-

inflammatory cytokines (Ramachandran, 2014). The MyD88-independent, or TRIF 

pathway, leads to activation of type I interferons (Ramachandran, 2014; Gioannini          

et al., 2014). 

The antigen LPS is a macromolecule consisting of 3 main components: lipid A 

molecule, oligosaccharide core, and O-antigen. The core is highly conserved across 

bacterial species, but the lipid A molecule and the O-antigen are very diverse (Park & 

Lee, 2013). Of these three components, the lipid A molecule alone is necessary and 

sufficient to produce the pro-inflammatory response (Barata, Teo, Brochinni, Zloh & 

Shaunak, 2011; Gioannini, 2014; Park & Lee, 2013; Ramachandran, 2014). Though a 

common phosphorylated diglucosamine backbone is present among bacterial species, the 
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lipid A molecule itself can have varying structures depending on the specific pathogen 

(Park & Lee, 2013). The number of of acyl groups on the lipid A molecule ranges from 

four to seven. For example, in Escherichia coli, the lipid A molecule is hexa-acylated 

with side chains containing 12-14 carbon atoms (Ramachandran, 2014). However, a 

different number of acyl groups dramatically changes the function of the LPS molecule in 

the case of E. coli. Six acyl groups cause the LPS to function as an agonist of the TLR4 

receptor on macrophages in both humans and mice resulting in an inflammatory 

response. On the other hand, four acyl groups cause the lipid A molecule of LPS to 

function as an antagonist of the TLR4 receptor and does not result in host cell activation 

(Barata, Teo, Brochinni, Zloh & Shaunak, 2011). 

 The interaction of LPS with TLR4 is not a direct binding of the two molecules, 

but instead requires other proteins and the formation of a protein complex in order for 

host cell activation to occur. In the blood, LPS is carried by lipopolysaccharide-binding 

protein (LBP). LBP, in turn, delivers monomeric LPS to soluble or membrane bound 

CD14. CD14 can be found as a membrane-bound glycoprotein or a soluble protein in the 

serum, which delivers LPS to a protein called MD-2 of the TLR4-MD-2 complex (Park 

& Lee, 2013; Ramachandran, 2014).  

 Chemists are beginning to look more closely at the possibility of synthetic 

molecules binding, and either activating or inhibiting, protein targets such as the TLR4-

MD-2 complex. Dendrimers are a class of macromolecules that have recently been 

studied for their potential biologic applications. These spherical macromolecules can be 

systematically synthesized and conjugated in order to give specific chemical structures. 

Polyamidoamine (PAMAM) dendrimers have been the most studied, in particular, 
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generation (G) 3.5 PAMAM dendrimers (Barata, Teo, Brochinni, Zloh & Shaunak, 

2011). In this naming system, whole generations refer to terminal amines whereas half-

generations refer to terminal carboxylic acids. G3.5 PAMAM have 64 terminal 

carboxylic acids to which groups can be conjugated to alter or enhance the biologic and 

immuno-modulatory properties and specific binding of these dendrimers (Barata, Teo, 

Brochinni, Zloh & Shaunak, 2011; Shaunak et al, 2004). Partial glycosylation with up to 

12 glucosamine groups has been shown to significantly enhance the anti-inflammatory 

properties of the dendrimer. Initial studies performed using a model of scar tissue 

formation following glaucoma filtration surgery in rabbits illustrated a decreased 

secretion of pro-inflammatory cytokines such as IL-8, TNF-α, IL-1β, and IL-6 from 

peripheral blood mononuclear cells (PBMCs) following treatment with partially 

glycosylated dendrimers and LPS stimulation (Shaunak et al., 2004). Non-glycosylated 

dendrimers and those conjugated with glucosamine-6-phosphate, as opposed to 

glucosamine, had no anti-inflammatory effects (Shaunak et al., 2004). It is believed that 

this difference is due to the flexibility of the dendrimer once conjugated with 

glucosamine molecules, which changes surface electrostatic interactions with MD-2. 

Anti-inflammatory properties were not limited to dendrimer treatment prior to LPS 

treatment, but were also observed when dendrimer treatment followed LPS treatment 

(Shaunak et al., 2004). It is of importance to note that while cytokine release was 

decreased upon treatment with the glucosamine conjugated G3.5 PAMAM dendrimer, the 

immune system itself was not suppressed. Dendrimers only affect the MyD88-dependent 

pathway, but not the production of interferon-β (Shaunak et al., 2004). 
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 The use of dendrimers as a biologic small molecule is dependent on surface 

electrostatic interactions with the protein target for binding, but also the surface charge of 

the dendrimer itself, which is affected by partial glycosylation. Cationic dendrimers are 

toxic to cells at physiologic conditions; however, dendrimers with an anionic surface 

charge do not possess toxic or immunogenic properties at physiologic conditions (Barata, 

Teo, Brochinni, Zloh & Shaunak, 2011; Malik et al., 2000; Shaunak et al., 2004). Anionic 

dendrimers do not affect the growth, maturation, or activation of human T cell and 

macrophage cell lines or primary peripheral blood mononuclear cells, dendritic cells, 

macrophages, or T cells (Shaunak et al., 2004).  

 Following the initial study by Shaunak et al., which showed that partially 

glycosylated dendrimers can prevent scar tissue formation in a rabbit model, molecular 

docking studies were performed to determine the exact binding of the dendrimer to the 

TLR4 protein complex. Barata et al. (2011), illustrated that it is specifically the 

conjugated glucosamine residues that interact with the TLR4 complex (Barata, Teo, 

Brochinni, Zloh & Shaunak, 2011). Further molecular analysis illustrated that 

glucosamine residues, compared to unglycosylated dendrimers, fit the entrance to the 

binding pocket on MD-2 with a better interaction. Amino acid residues Lys91 and Ser118 

of MD-2 have been determined to play an important role in both LPS binding to MD-2 

via lipid A as well as dendrimer interaction with MD-2. Another amino acid residue with 

which the partially glycosylated G3.5PAMAM dendrimer interacts is Tyr102, which is 

involved in the interaction between MD-2 and TLR4 to form the activated protein 

complex. Barata et al. (2011), were able to visualize through docking software that four 

glucosamine residues on the partially glycosylated dendrimers were constantly in close 
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contact with MD-2, consequently blocking the entrance to the binding pocket of MD-2 

from LPS. This was a novel finding by Barata et al. (2011), showing that hydrophobic 

lipid chains, like the lipid A molecule of LPS that binds to MD-2, are not a structural 

requirement for a molecule to act as an agonist or antagonist of the TLR4 receptor and 

the pro-inflammatory signaling pathway (Barata, Teo, Brochinni, Zloh & Shaunak, 

2011). This was also the first insight into the electrostatic interactions between 

hydrophobic, synthetic dendrimers and their protein targets, providing increased 

explanation of the mechanism behind the anti-inflammatory properties evidenced by 

Shaunak et al. (2004). 

 In terms of potential clinical applications of these partially glycosylated 

dendrimers, the most relevant is treatment of adult systemic inflammatory response 

syndrome (SIRS). Financially, the burden caused by this disease is large. Horeczko et al. 

(2013), found that 17.8% of emergency room visits, totaling about 16.6 million visits, are 

due to SIRS. These patients are also more likely to be admitted to the hospital or ICU, are 

hospitalized longer than non-SIRS patients, and have an increased mortality rate 

(Horeczko, Green & Panacek, 2013). More importantly, SIRS is not one disease with a 

single cause, but was found to be very heterogeneous in nature, with only 26% of cases 

caused by infection and 56% of cases caused by sources not traditionally associated with 

known causes for SIRS (Horeczko, Green & Panacek, 2013). In cases where SIRS is 

caused by a confirmed infection, the medical condition is known as sepsis (Bone et al., 

1992). When sepsis presents with associated organ dysfunction, the condition is defined 

as severe sepsis, and when hypotension is also present, despite ample fluid resuscitation, 

the condition is known as septic shock (Bone et al.,1992).  
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Each definable condition has a specific set of clinical manifestations that are used 

for diagnosis and treatment protocol, but the priority with all of these conditions is early 

diagnosis. Early treatments are focused on initial fluid resuscitation and an effective 

choice or combination of antibiotics until cultures can be grown to determine the specific 

pathogen (Dellinger et al., 2013). Antibiotic treatment is recommended for 7-10 days, 

with changes in dosages or specificity based on clinical manifestations (Dellinger et al., 

2013). Treatment for severe sepsis requires additional hemodynamic support and 

vasopressors such as norepinephrine (Dellinger et al., 2013).  

Antibiotic use is an effective and necessary line of treatment when the presenting 

case is sepsis, but a large percentage of SIRS cases present independent of bacterial 

infection. Johnson et al. was able to show how heparan sulfate and other proteoglycans 

cleaved from the surface of cells can stimulate TLR4 in the absence of LPS, data 

supporting the statistic that 56% of SIRS cases are from other causes such as trauma 

(Horeczko, Green & Panacek, 2013; Johnson, Brunn & Platt, 2004). Particularly for these 

cases, there exists no direct treatment or cure for the system-wide inflammatory response. 

Consequently, the mortality rate from this is rather high. In a national Italian study done 

across several pediatric intensive care units, the mortality rates of sepsis, severe sepsis, 

and septic shock were determined. The rates of sepsis for those with chronic pathology 

and those without were 8.2% and 0.8% respectively; the rates of severe sepsis for the 

same groups were 45.0% and 4.0%; the mortality rates of septic shock were 62.5% and 

42.9% (Wolfler, Silvani, Musico, Antonelli & Salvo, 2008). For this reason, further 

research into partially glycosylated G3.5 PAMAM dendrimers as possible therapeutic 

treatment for SIRS, caused by bacterial infection or endogenous breakdown of proteins, 
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through blocking the TLR4 and the resulting pro-inflammatory cascade that follows 

needs to be accomplished. 

 In a broader sense, the pathophysiology associated with several disease states, 

including cardiovascular disease, diabetes, and Alzheimer’s disease (AD), is caused by 

chronic, widespread inflammation. In the case of Alzheimer’s disease, which currently 

affects an estimated 5.2 million Americans with predictions of that number reaching 

approximately 16 million by 2050 ("Alzheimer's Facts and," 2014), chronic inflammation 

in the brain leads to the production of increased levels of amyloid-β protein which 

aggregates into extracellular plaques, a hallmark of AD. Heneka et al. (2013), has 

implicated a specific inflammasome, the NLRP3 inflammasome, with increased levels of 

amyloid-β and cognitive deficits in a mouse animal model (Heneka et al., 2013). 

Inflammasomes activate caspase-1, an enzyme required to convert pro-IL-1β to its active 

form where it functions as a pro-inflammatory cytokine. Levels of caspase-1 were found 

to be upregulated in AD patients. Studies on knockout mice showed decreased levels of 

amyloid-β, but normal levels of amyloid precursor protein (APP), suggesting that the 

processing of the normal protein to the pathologic form is affected by the presence of the 

NLRP3 inflammasome and caspase-1. In addition, in WT mice, microglial clearance of 

the amyloid-β was decreased in the presence of elevated IL-1β levels. These 

physiological findings were supported with behavior studies showing a lack of learning in 

an open field test, findings in support of the cognitive deficits associated with AD 

(Heneka et al., 2013). While treatment of a chronic disease is harder than an acute one, 

dendrimers could have some therapeutic applications here as well. Dendrimers block the 

activation of the TLR4-MD-2 protein complex and the downstream release of pro-
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inflammatory cytokines, including IL-1β. If levels of IL-1β could be maintained at a 

much lower level through therapeutic dendrimer treatment, microglial phagocytosis of 

amyloid-β might be enhanced, despite formation of the NLRP3 inflammasome. 

Simultaneously, even with the activated inflammasome, less IL-1β can be produced if 

less of the inactive precursor pro-IL-1β is made through the TLR4 pathway. 

 Cell culture using the murine macrophage cell line RAW264.7 has been used 

previously to document the cytokine expression following stimulation with LPS in vitro 

(Lee et al, 2005; Xia et al, 2012). However, the analysis of partially glycosylated 

dendrimers as an antagonist of TLR4 has only been studied in human cell lines Sup-T1 

and U937, a human T-cell line and human monocytic cell line respectively (Shaunak et 

al., 2004). Human primary cells have also been used for in vitro studies with these 

dendrimers, specifically peripheral blood mononuclear cells, monocyte-derived 

macrophages, and dendritic cells (Shaunak et al, 2004). Therefore, this study is the first to 

use a murine-derived cell line to quantify activation following LPS stimulation and to test 

the efficacy of these partially glycosylated dendrimers as antagonists of TLR4. This 

choice of cell line is a necessary step in order to move from in vitro studies to in vivo 

studies using a mouse animal model in the future. Before we tested the dendrimer, 

baseline levels of activation of the TLR4 signaling pathway following LPS treatment 

were established at various time points. Subsequently, activation of the pathway was 

measured with the dendrimer coupled to LPS treatment. We predicted a severely 

downregulated signaling response through TLR4 in samples with dendrimer treatment, 

illustrating effective binding to MD-2, prevention of LPS binding, and decreased 

inflammation. 
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MATERIALS AND METHODS 

Cell culture 

RAW 264.7 murine macrophages were grown in Dulbecco’s Modified Eagle’s 

Medium (DMEM) with 4500mg glucose/L, 110mg sodium pyruvate/L and L-glutamine 

and added 10% fetal bovine serum (FBS). Cells were incubated at 37°C and 5% CO2. 

Experiments were done using cells at passage numbers 7-22 and a confluency of 90%.  

Dendrimer 

 Two dendrimers were used for treatments, referred to as compound 1 and 

compound 2. These compounds were synthesized and obtained from Dr. Eric Simanek of 

Texas Christian University. The two dendrimers share a common core, but vary in 

number of carboxylic acid groups in peripheral R group. The R group of compound 1 

contains a succinate group, and compound 2 contains a methacrylate group. 

Lipopolysaccharide treatment 

Cells were plated in duplicate wells of a 6 well dish (Corning Incorporated, 

Corning, NY) at a concentration of 5x10
5
 cells/well in 2ml of media. After plating, cells 

were left to incubate for 24 hours at which time LPS (Sigma. E.coli serotype: 055:B5. 

600,000 μg/mg endotoxin units) was added to the wells at a concentration at various 

concentrations and left to incubate for the following time points: 10 minutes, 30 minutes, 

and 60 minutes. One set of duplicate wells remained untreated with LPS.  

Lysates 

At the appropriate time points, the plate was removed from the incubator and the 

media pipetted off. 500μl of NP40 lysis buffer (150mM sodium chloride, 1.0% NP-40, 

50mM Tris pH 8.0, protease inhibitors (500μM AEBSF, 150nM Aprotinin, 1μM E-64, 
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0.5mM EDTA, 1μM Leupeptin) was added to the first well and the cells were scraped. 

Then, the lysis buffer from the first well was transferred to the duplicate well, the cells 

were scraped again, and then transferred to a pre-labeled centrifuge tube on ice. After 

lysates were made at all four time points, lysates were stored at -20°C. 

Protein assay 

A DC protein assay was performed in order to quantify the total protein that was 

present in the lysates. Cell lysates were diluted 1:2 with remaining NP40 lysis buffer and 

5μL of each sample were loaded onto a 96-well plate. The protein standard curve was 

made by preparing serial dilutions of gamma-globulin at 0.2 mg/mL, 0.4 mg/mL, 0.8 

mg/mL and 1.52mg/mL. 5μL of each standard was added to the 96-well plate. Solution 

A’ was created by mixing 20μL of Reagent S (Bio-Rad, Hercules, CA) to every 1mL of 

Reagent A (Bio-Rad, Hercules, CA). 25μL of A’ was then added to each well containing 

sample or standard. 200μL of Reagent B (Bio-Rad, Hercules, CA) was then added to each 

well. After 15 minutes of the plate sitting in the dark, the optical density (OD) of each 

well was read at 750nm using the BMG LabTech FLUOstar Omega plate reader      

(Cary, NC). 

Western blotting 

Samples were diluted to a working concentration of 0.75μg/μL with sample buffer 

and remaining NP40 lysis buffer. Proteins were then denatured by boiling at 100
O
C for 5 

minutes in the presence of β-mercaptoethanol (Sigma, St. Louis, MO) present in the 

sample buffer, which reduces disulfide bonds. Samples were then separated based on size 

by loading 15μg of sample into a 10% sodium dodecyl sulfate (SDS) polyacrylamide gel. 

All Western blot hardware (gel cassettes, gel box and transfer cells) was purchased from 
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Bio-Rad (Hercules, CA). 200V was applied across the gel for 40 minutes. The gels were 

removed and equilibrated in Towbin transfer buffer (20% methanol, 0.3% Tris-base, 

1.4% glycine, in ddH2O, pH 8.3) for 20 minutes. Proteins were then transferred (Bio-Rad 

Trans-blot SD, Bio-Rad, Hercules, CA) onto polyvinylidene fluoride (PVDF) (EMD 

Millipore, Billerica, MA). 0.15 amps per gel were applied for 40 minutes during the 

transfer. The current was conducted through filter papers (Kaysville, UT) soaked in 

Towbin transfer buffer. 

 After the transfer, membranes were blocked in 5% bovine serum albumin (BSA) 

in Tris-buffered saline with 0.1% Tween
®

20 (TBST) for 3 hours. Primary antibodies used 

include the following: mouse monoclonal IgG anti-pJNK at 1:1000 dilution with goat 

polyclonal IgG anti-CyPB at a 1:1000 dilution in TBST with 5% BSA. Mouse 

monoclonal IgG anti-pERK at 1:1000 dilution was used with goat polyclonal IgG anti-

CyPB at a 1:2000 dilution in TBST with 5% BSA.  Primary antibodies were applied to 

membranes and allowed to incubate overnight at 4
O
C. All primary antibodies were 

purchased from Santa Cruz Biotechnology, Santa Cruz, CA.    

 The next day the primary antibodies were poured off and the membranes were 

washed once for 10 minutes in TBST, transferred to larger containers, and washed 4 

times for 15 minutes in TBST. This procedure was performed for all subsequent washes. 

Peroxidase-conjugated AffiniPure goat anti-mouse IgG was then applied to blots 

containing p-JNK or p-ERK at a 1:10000 dilution in TBST with 5% BSA. Peroxidase-

conjugated AffiniPure donkey anti-goat secondary antibody was applied to blots 

containing CyPB at a 1:20000 dilution in TBST with 5% BSA. All secondary antibodies 

were purchased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). All 
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blots were allowed to incubate at 27
O
C for 2 hours. Secondary antibody was then 

discarded and another wash was performed.  

 All blots were placed on transparencies and coated with the detection reagent, 

SuperSignal West Pico Chemiluminescent substrate (Thermo Scientific, Waltham, MA). 

The resulting chemiluminescence was then imaged using a Syngene G:Box (Syngene, 

Frederick, MD). Densimetric analysis was then performed using GeneTools software 

(Syngene, Frederick, MD). Cyclophilin (CyPB) was used as a loading control.  

Enzyme-linked Immunosorbent Assay 

To detect levels of IL-1β and TNF-α, we utilized a BioLegend Mouse TNF-α 

ELISA Max
™

 Deluxe Set and a BioLegend IL-1β ELISA Max
™

 Deluxe Set. In 

preparation for each ELISA, 1X Coating Buffer, PBS, and Assay Diluent A were 

prepared. For each ELISA, a 96-well plate was prepared by adding 100μL of Capture 

Antibody, diluted using 1X Coating Buffer, to the wells. The plates were then sealed and 

left to incubate at 2-8°C. On day 2, following 4 washes, both plates were blocked with 

200μL of 1X Assay Diluent A with shaking for 1 hour. The lyophilized Mouse TNF-α 

Standard  and the lyophilized Mouse IL-1β Standard were both reconstituted using 1X 

Assay Diluent A and used to prepare their respective standard curves. Following 4 

washes, 100μL of sample or standards were added in duplicate to wells to each 96-well 

plate and left to shake for 2 hours. The samples were undiluted for both assays. 

Following another 4 washes, 100μL of Detection Antibody, diluted using 1X Assay 

Diluent A, was added to each plate and left sit for 1 hour with shaking. Each plate was 

again washed 4 times and 100μL of Avidin-HRP, diluted in 1X Assay Diluent A was 

added to each plate with shaking for 30 minutes. Each plate was then washed 5 times. To 
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the IL-1β 96-well plate, 100μL of freshly mixed TMB solution was added; to the TNF-α 

96-well plate, 100μL of Substrate Solution D was added; both plates were left to incubate 

in the dark for 15 minutes. To both plates, 100μL 1N HCl acid solution was added as the 

stop solution. Absorbance values were read at 450nm on a BMG LabTech FLUOstar 

Omega plate reader (Cary, NC) within 15 minutes of adding the stop solution. Sample 

concentrations and standard curve calculations were performed using BMG LabTech 

MARS Data Analysis Software (Cary, NC). 

DATA 

 

 

 

Figure 1.  Structures of compound 1 and compound 2.  A) The common dendrimer core 

(left) of both compounds with 12 peripheral R groups. The R groups attached differ in the 

number of carboxylic acid groups with compound 1 (B) containing succinate (green), and 

compound 2 (C) containing methacrylate (green). 
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Figure 2. Representative time course of TLR4 activation of RAW 264.7 cells following 

LPS stimulation. Western blot images for downstream intermediates A) pJNK and B) 

pERK after 0, 30, 60, and 90 minutes LPS treatment (1000ng/mL). CyPB was used as the 

internal control.  
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Figure 3.  Time-dependent cytokine production from RAW264.7 cells following 

treatment with dilutions of LPS. A) TNF-α production from RAW 264.7 cells that were 

untreated with LPS, or treated with LPS from 30 minutes, 60 minutes, or 90 minutes at 

concentrations of 400ng/mL (left) or 200ng/mL (right). B) IL-1β production from RAW 

264.7 cells that were untreated with LPS, or treated with LPS from 30 minutes, 60 

minutes, or 90 minutes at concentrations of 400ng/mL (left) or 200ng/mL (right). 
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Figure 4. Activation of TLR4 signaling intermediates following dendrimer treatment of 

cells. A) Western blot images for p-JNK, p-ERK, and CyPB internal control from cells in 

duplicate wells treated with LPS at 200ng/mL or 20ng/mL and the presence of compound 

1. B) Western blot images for p-JNK, p-ERK, and CyPB internal control from cells in 

duplicate wells treated with LPS at 200ng/mL or 20ng/mL and the presence of compound 

2. Duplicate wells of cells only and dendrimer only were plated as a negative control. 

Duplicate wells of cells with LPS at 200mg/mL or 20ng/mL as a positive control. 
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Figure 5. Production of cytokines following dendrimer treatment of cells. A,B) TNF-α 

and IL-1β  production from RAW 264.7 cells plated with LPS alone (200ng/mL and 20 

ng/mL), compound 1 alone, or compound 1 followed by LPS (200ng/mL and 20ng/mL). 

C,D) TNF-α and IL-1β  production from RAW 264.7 cells plated with LPS alone 

(200ng/mL and 20 ng/mL), compound 2 alone, or compound 2 followed by LPS 

(200ng/mL and 20ng/mL).  

 

RESULTS 

Activation of the TLR4 signaling pathway 

Activation of the TLR4 pathway without the dendrimer was quantified prior to dendrimer 

treatment and was found to be activated in a time-dependent manner. Cells in duplicate 

wells were treated with LPS. Levels of downstream signaling intermediates pJNK (Figure 

1a) and pERK (Figure 1b) were most activated after 30 minutes of LPS treatment as 

detected by Western blot. Results from Western blots were consistent across multiple 
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experiments testing various concentrations of LPS (Data not shown). Levels of TNF-α 

continued to increase across samples taken at 30, 60, and 90 minute time points of LPS 

treatment using concentrations of both 200ng/mL and 20ng/mL (Figure 2a) (ELISA R
2
 = 

0.999853 on 4-parameter fit standard curve). Levels of IL-1β remained unchanged across 

the different time points of LPS treatment using the same two LPS concentrations (Figure 

2b) (ELISA R
2
 = 0.996661 with linear regression standard curve). Results are represented 

as mean + S.E.M. for a single experiment. 

Dendrimer treatment 

Incubation of the cells with either compound 1 or compound 2 for 30 minutes, followed 

by LPS treatment for 30 minutes, did not result in decreased activation of the TLR4 

signaling pathway. Levels of both pJNK and pERK from dendrimer-treated samples from 

duplicate wells were not lower than levels in LPS only samples (Figure 3a, 3b). 

Similarly, levels of TNF-α (ELISA R
2
 = 0.999853 on 4-parameter fit standard curve) as 

well as IL-1β (ELISA R
2
 = 0.996661 with linear regression standard curve) did not show 

a decrease in those cells treated with either compound 1 or compound 2 compared to LPS 

treatment alone (Figure 4). Results are represented as mean + S.E.M. for a                

single experiment.  

DISCUSSION 

Activation of TLR4 on the surface of macrophages produces a downstream 

signaling cascade that results in the production of pro-inflammatory cytokines such as 

TNF-α and IL-1β (Parham & Janeway, 2009; Ramachandran, 2014). Treatment of the 

RAW264.7 cell line with LPS was used to quantify the activation of this signaling 

pathway. It was determined that activation was time-dependent with the highest levels of 
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pJNK and pERK occurring after 30 minutes of LPS treatment (Figure 2) while final 

product cytokines continued to increase at 90 minutes of LPS treatment (Figure 3). This 

time course for pJNK and pERK is supported by previous research conducted on this cell 

line which illustrated that these intermediates are recruited after 15 minutes of LPS 

treatment, are still expressed at the same level at 30 minutes (Lee et al., 2005), and levels 

have dropped by 60 minutes of LPS treatment (Xia et al., 2012).  

However, results from the use of either compound 1 or compound 2, in 

conjunction with LPS incubation, did not support our hypothesis. It was hypothesized 

that use of the synthesized dendrimer would result in a significant decrease in the 

activation of TLR4 and therefore a reduced pro-inflammatory profile in vitro. In this 

experiment, it was shown that treatment of RAW264.7 cells with a dendrimer, regardless 

of the two different synthesized compounds used, for 30 minutes followed by LPS 

treatment for 30 minutes, did not result in a decrease in activation of the TLR4 signaling 

pathway. Levels of both pJNK and pERK were not lower than those of LPS treatment 

alone (Figure 4). Similarly, production of IL-1β remained unchanged between the two 

treatment groups (Figure 5B, D). TNF-α was even elevated in the samples treated with 

dendrimer compared to those with LPS treatment (Figure 5A, C). This lies in contrast to a 

previous study looking at the biological properties of these same synthesized compounds. 

Barata et al. (2011), showed a concentration-dependent effect of the dendrimer; at a 

100μg/ml concentration of the dendrimer, the same concentration used in this study, there 

was a significant decrease in the level of mRNA production of various pro-inflammatory 

cytokines including TNF-α (Barata, Teo, Lalwani, Simanek, Zloh & Shaunak, 2011). 
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 While the results of this experiment did not match the previous findings, there 

were several differences between the two studies that might account for the discrepancies 

and the need for adjustments to the protocol in the future. Largely, rather than 

hypothesizing that the problem lies in the construction of the dendrimer, it is believed 

that the correct dendrimer:LPS ratio has not been determined. While the concentration of 

the dendrimer remained unchanged in this experiment compared to previous testing, and 

LPS was used both at concentrations of 200ng/ml and 20ng/ml, one above and one below 

that used previously, there are several experimental differences that need to be addressed. 

First, Barata et al. (2011), used cultured primary human monocytes, whereas this study 

used RAW264.7 cells, a murine macrophage cell line. Second, the primary human 

monocytes were plated at 1x10
6
 cells/well with 1 hour for adherence (Barata, Teo, 

Lalwani, Simanek, Zloh & Shaunak, 2011); the RAW264.7 cells were plated at 5x10
5
 

cells/well with 24 hours for adherence, a protocol that results in approximately double the 

number of RAW 264.7 cells by the time of treatment (Xia et al., 2012).  Third, the LPS 

used in the two experiments were from different species. Barata et al. (2011), used LPS 

from Salmonella minnesota, whereas this experiment used LPS from Escherichia coli 

(Barata, Teo, Lalwani, Simanek, Zloh & Shaunak, 2011). The decision to use LPS from 

E. coli as opposed to S. minnesota was to stay consistent with other lines of research 

within the lab; our lab has established a model of peripheral inflammation utilizing E. 

coli derived LPS to study the onset of pathology of Alzheimer’s disease. As previously 

discussed, the oligosaccharide core of LPS molecules is highly conserved, but the lipid A 

molecule, which as been determined to be necessary and sufficient for TLR4 activation, 

can be highly diverse across bacterial species; even within a species, the number of acyl 
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groups can drastically change the biological interactions with surface receptors on host 

cells, and thus, could have resulted in variance in the activation of TLR4 (Barata, Teo, 

Brochinni, Zloh & Shaunak, 2011; Gioannini, 2014; Park & Lee, 2013; Ramachandran, 

2014).  Fourth, the previous study by Barata et al. (2011), found that levels of mRNA 

production of various cytokines, including pro-inflammatory cytokines TNF-α and IL-6, 

detected by quantitative real time PCR, were significantly decreased in a concentration 

dependent manner with significance occurring at a 100μg/ml concentration of the 

dendrimer (Barata, Teo, Brochinni, Zloh & Shaunak, 2011; Gioannini, 2014; Park & Lee, 

2013; Ramachandran, 2014). This study used Western blot detection for intermediates in 

the signaling cascade leading to cytokine production and ELISA for detection of the final 

cytokines. The quantitative ability and sensitivity differences between these detection 

methods further support the possibility that a new ratio between LPS and the compounds 

is needed in order to see definite results on Western blot detection. 

 Given all of these different experimental conditions between this study and 

previous testing, future steps will involve repeat experiments with different 

concentrations of LPS such that the compound is in excess relative to the LPS. Another 

approach to adjusting the ratio could involve reducing the number of RAW264.7 cells 

plated, or reducing the time for adherence, so that there are fewer cells present upon 

treatment with the dendrimer and LPS, allowing a more controlled response. However, 

studies will continue to occur in the RAW264.7 murine macrophage cell line to allow for 

extension to a mouse animal model following repeated successful experiments in vitro. 

The other major experimental adjustment that can be made involves the time 

course of LPS treatment in conjunction with pre-incubation with the compound. Cells, or 
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cells with compound 1 or compound 2, were only incubated with LPS for 30 minutes 

because previous time course studies illustrated that intermediates peaked at 30 minutes. 

However, ELISA results of the time course of LPS activation of TLR4, were not run until 

after the experiment was performed. Based on results of the ELISA which illustrate that 

cytokine levels, particularly TNF-α, rose continuously through 90 minutes of LPS 

treatment, it is hypothesized that the chosen 30 minute time point might have been too 

early in the time course. If levels were not sufficiently elevated at this point, showing any 

reduction in cytokine level would be difficult. Repeating the experiment using either 60 

minutes or 90 minutes of LPS treatment following incubation with the dendrimer could 

result in a more significant reduction in cytokine production since levels of cytokines 

should be highest at this point.  

Another factor supporting repeat experiments with later time points involves the 

temporal release of these cytokines by RAW264.7 cells. Previous literature has 

demonstrated that in response to LPS, TNF-α mRNA levels are higher at 2 hours than at 

6 hours, whereas IL-1β  mRNA levels are higher at the later time point of 6 hours (Xia et 

al., 2012). This could be the reason that IL-1β levels remained constant across all time 

points and all treatment groups. 

The use of RAW 264.7 cells, an immortalized cell line, makes it understandable 

how there is a basal level of cytokine secretion. However, an interesting observation that 

brings into question the construction of the two compounds themselves is that treatment 

of the cells with the compounds resulted in a further increase in levels of TNF-α 

production above basal levels and levels of LPS treated cells. Western blot images do not 

show increased levels of pJNK or pERK with dendrimer treatment alone, leading us to 
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believe that the TLR4 pathway is not being activated by the dendrimer itself. However, it 

is possible that the dendrimer, a large, synthesized macromolecule, could be cross-linking 

other PAMP receptors on the surface of the RAW264.7 cells resulting in the production 

of cytokines independent of TLR4 signaling.  

The results presented here were able to demonstrate the time course of activation 

of the TLR4 signaling cascade in response to LPS treatment of RAW264.7 cells in vitro, 

but failed to support the hypothesis that the addition of a synthesized dendrimer would 

severely downregulate the signaling response through TLR4, illustrating effective 

binding to MD-2, prevention of LPS binding, and a decreased pro-inflammatory profile. 

These results are based on only one experiment, with several hypotheses for future 

protocol modifications to try and see an effect in vitro. If we are to determine the efficacy 

of these synthesized PAMAM dendrimers in treatment of SIRS or even other chronic 

inflammatory disease states such as Alzheimer’s disease, then results from in vitro 

studies illustrating significant reduction in pro-inflammatory cytokine production          

are necessary.   
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