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ABSTRACT 

 

Systemic inflammatory responses to microbial molecules contribute to disease 

pathogenesis and the development of life-threatening complications such as sepsis. Toll-like 

receptors function as sentinels for the innate immune system, detecting microbial ligands 

during infection and inflammation. In naturally occurring infections, multiple pathogen-

associated receptors are likely to be activated during the initiation of the host response to 

infection. Therefore, it is important to understand the regulation of TLR signaling and 

interactions between the TLRs and their ligands. In the first study in this dissertation, we 

investigated the effects of ligands recognized by TLR 2, TLR 3 or TLR 4 upon expression of 

the genes encoding these receptor proteins by equine monocytes. We determined that 

incubation of monocytes with TLR 2 and 4 ligands, which signal through the intracellular 



adaptor protein MyD88, induces expression of the TLR 2 and 4 genes, but not the TLR 3 

gene. Conversely, incubation with a TLR 3 ligand, which recruits the TRIF adaptor protein, 

selectively induces expression of the TLR 3 gene, but not TLR 2 or 4 genes. Furthermore, 

incubation of these cells with TNF-α, the pro-inflammatory cytokine that is a hallmark of 

TLR activation, does not affect expression of any of the three TLR genes. In the second 

study, we investigated the responses of equine leukocytes to bacterial flagellin, the ligand 

recognized by TLR 5. Although equine neutrophils responded to both LPS and flagellin by 

producing reactive oxygen species and expressing mRNA for pro-inflammatory cytokines, 

flagellin had no stimulatory effect on monocytes or macrophages. While both neutrophils and 

monocytes expressed mRNA for TLR 5, the message appeared to be translated into protein 

only by the neutrophils. Incubation with neither LPS nor IFN-γ altered TLR 5 expression by 

the monocytes. These findings indicate that flagellin has disparate effects on neutrophils and 

mononuclear phagocytes isolated from horses, a species that is exquisitely sensitive to the 

TLR 4 ligand, LPS. Furthermore, equine mononuclear phagocytes, unlike corresponding 

cells of other mammalian species, lack surface expression of TLR 5 and do not respond to 

flagellin. Finally, we validated in-house ELISA assays to detect flagellin and antibodies 

directed against flagellin in serum samples obtained from hospitalized horses and foals. We 

determined that flagellin enters the circulation of horses with gastrointestinal diseases and 

septic foals, most likely due to intestinal barrier dysfunction. Furthermore, adaptive immune 

responses to flagellin were detected in horses with gastrointestinal disease that were reflected 

by increased levels of antibody directed against flagellin during hospitalization.  
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CHAPTER 1 

 

INTRODUCTION 

 

Among domestic animal species, horses suffer most commonly from colic, a 

general term indicating abdominal pain. The anatomy of the horse's digestive tract, its 

digestive physiology, and the management practices imposed by man contribute to the 

high occurrence of this disease. Very often, diverse forms of colic as well as other 

important equine clinical conditions, such as bacterial pneumonia, endometritis, and 

neonatal sepsis, have the potential to progress to sepsis, multi-organ dysfunction 

syndrome, and septic shock. These latter complications cause substantial morbidity and 

mortality despite advances in prevention and treatment. Although sepsis is defined as the 

systemic inflammatory response to infection, an emerging body of evidence indicates that 

widespread systemic inflammation can be triggered by many disease states, including 

infection.  The clinical state of an uncontrolled or incongruous widespread inflammation 

is referred to as the systemic inflammatory response syndrome (SIRS). 

 Furthermore, the detection of endotoxin (lipopolysaccharide; LPS), a part of 

Gram-negative bacterial cell walls, in the bloodstream of septic patients, and the 

identification of the interactions between LPS and Toll-like receptor 4 that induce 

inflammatory responses have made endotoxin the gold standard in studies of the basic 

mechanism of sepsis. Consequently, in equine medical practice, the term ‘endotoxemia’ 
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is often misused to describe conditions that are caused by systemic inflammatory 

responses rather than documented presence of endotoxins in the systemic circulation. 

Because it is likely that other bacterial products that are recognized by the innate immune 

system also contribute to development of systemic inflammation, the studies summarized 

in this dissertation were conducted to broaden our understanding of the horse’s response 

to Toll-like receptor ligands. This dissertation begins with Chapter 2, a literature review 

comprised of four sections. Section I covers the mechanism of bacterial translocation 

from the intestine into the circulation. Section II introduces the TLRs, including their 

structure, ligands, signaling pathways, and function in the immune system. Studies that 

are conducted on TLRs in equine diseases or the equine immune system are reviewed in 

Section III. Section IV contains details on TLR5 and its ligand, bacterial flagellin. 

Chapters 3, 4 and 5 each consist of manuscripts describing the results of studies 

comprising my dissertation research. Chapter 3 contains studies performed to compare 

microbial ligand regulation of TLR expression in equine monocytes. Chapter 4 

summarizes studies of disparities in TLR5 expression and responsiveness to flagellin in 

equine leukocytes. Chapter 5 contains flagellin and antibodies directed to flagellin in 

adult horses and foals. The dissertation ends with Chapter 6 that provides an overview of 

all of my studies in this area.   
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CHAPTER 2  

 

LITERATURE REVIEW 

 

I. Translocation of pathogen associated molecular patterns in sepsis 

 The gut is a reservoir of a variety of microbes that provide beneficial effects to the 

host by defending against pathogenic bacteria, metabolizing nutrients, and stimulating the 

host immune system.1 This is especially true in horses, herbivorous animals that rely 

greatly on commensal microbes for their role in the digestion of polysaccharides and 

uptake of nutrients. In healthy immunocompetent hosts, the symbiosis between the host 

and commensal microbes is maintained by tight immune surveillance mechanisms 

including mucosal immunity (secretory immunoglobulins), cell-mediated immunity 

(macrophages and T-cells) and humoral immunity (serum immunoglobulins). However, 

under abnormal conditions, such as trauma, surgery, severe infection, disruptions in the 

intestinal microvasculature in situations such as shock, and immunosuppression, the 

structure and function of intestinal epithelium are compromised, allowing the passage of 

bacteria from the gut into the systemic circulation.2-4 Therefore, bacterial translocation is 

defined as the movement of viable intestinal bacteria through the gut mucosa into the 

blood stream or tissues, causing disease. Furthermore, translocation of bacterial 

components from the gut might be responsible for the systemic injuries that have 

broadened the definition of bacterial translocation in current research.  
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Because the chemical makeup of microbial components is unique to these 

organisms, they have been termed “pathogen associated molecular patterns (PAMPs)”.5 

Translocation of bacteria exposes PAMPs such as endotoxin, a structural component of 

the outer wall of gram-negative microbes to the systemic circulation. Subsequently, 

endothelial and host immune cells are activated to produce inflammatory mediators and 

cytokines that result in the systemic inflammatory response syndrome (SIRS) that can 

lead to multiple organ dysfunction and death.6 Accordingly, the translocation of viable 

microbes and endotoxin from the gut to mesenteric lymph nodes and other organs has 

been described as a key feature of sepsis.2 In recent studies, translocation of other 

bacterial PAMPs, such as peptidoglycan and microbial DNA, has been proposed to 

contribute to the development of SIRS.7, 8 Similarly, various bacterial PAMPs, including 

endotoxin, peptidoglycan, flagellin, and bacterial DNA, were detected in the circulation 

in septic clinical patients or in experimental rodent sepsis models.9, 10, 11 Furthermore, a 

positive correlation between various PAMPs and disseminated inflammatory responses 

(“endotoxin shock”) has been reported for many in vivo studies performed in a variety of 

animals including horses.12 Similarly, bacterial translocation from organs other than the 

intestinal lumen has also been reported. For example, circulating LPS has been detected 

in dogs with pyometra and cows with gangrenous mastitis.13-16  

Bacterial translocation also occurs to a small extent in healthy animals where it 

may contribute to the development of protective mechanisms by allowing the immune 

system to have contact with external antigens. In healthy animals, bacteria/bacterial 

components that are translocated from the gut either interact with cells in the gut-

associated lymphoid tissues or are cleared by phagocytes before reaching the circulation.2 
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Collectively, these tissues and cells play key roles in limiting the deleterious effects of 

bacterial translocation. Alterations in immune dysfunction, such as occurs in human 

immunodeficiency virus (HIV) infected human patients, results in increased levels of 

bacterial translocation reflected by increased concentrations of LPS and flagellin in the 

circulation, as well as massive deletion of CD4+ T-cells from the gut.17 Taken together, 

these findings suggest that PAMPs contribute to the pathogenesis of sepsis by inducing 

SIRS and organ injury that are triggered by immune cells and effector cells in the tissue.  

 

II. Toll-like receptor family 

Toll-like receptor  

The innate immune system recognizes PAMPs that are present on microbes but 

not on the host via various pattern recognition receptors (PRRs) including the best-

characterized PRRs, the Toll-like receptors (TLRs).18 TLRs are highly conserved from 

Drosophila to humans and both share structural and functional similarities. Recognition 

of PAMPs by these receptors leads to stimulation of intracellular signaling pathways that 

results in the production of inflammatory mediators, such as cytokines, and up-regulation 

of co-stimulatory molecules that ultimately activate innate immunity.19,20 By being 

expressed both in immune and parenchymal cells, TLRs serve as modulators of 

inflammatory responses for the innate immune system.  
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Figure 2.1. Schematic diagram of a Toll-like receptor    
                                                               

Currently, twelve members of the TLR family have been identified in mammals, 

with each TLR detecting a specific PAMP (Table 2-1). TLRs are type I glycoproteins that 

are composed of extracellular, transmembrane and intracellular domains (Fig. 2-1). The 

extracellular domains have leucin-rich repeat (LRP) modules and are responsible for 

recognition of specific PAMPs. Ligand-specific interactions lead to dimerization of TLRs 

in a homodimer or heterodimer fashion and recruitment of adaptor proteins to the 

intracellular Toll/interleukin-1 receptor (TIR) domains. TLRs initiate shared, but distinct 

signaling pathways by recruiting different combinations of TIR domain-containing 

adaptor molecules, such as myeloid differentiation primary response gene 88 (MyD88), 

toll-interleukin 1 receptor domain containing adaptor protein (TIRAP), TIR-domain-

containing adapter-inducing interferon-β (TRIF), and TRIF-related adaptor molecule 

(TRAM).21 MyD88, the first identified member of TIR family, is the main adapter protein 

for all TLR signal transduction except for TLR3, which recruits TRIF, the adaptor protein 

for a different signaling pathway.18 TIRAP and TRAM function as sorting adaptors that 

recruit MyD88 to TLR2 and TLR4 and TRIF to TLR4, respectively. Therefore, TLR 
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signaling pathways can be mainly classified as either the MyD88-dependent pathway that 

drive the induction of inflammatory cytokines, or the TRIF-dependent pathway (or 

MyD88-independent pathway) that induces the synthesis of type I interferon as well as 

inflammatory cytokines.  

 

MyD88 and TRIF signaling pathways 

Activation of the MyD88-dependent pathway results in the induction of many 

inflammatory cytokine genes. Upon engagement of TLRs by their cognate PAMPs, the 

cytosolic TIR domain of the TLR recruits adaptor protein, MyD88, which then 

propagates the signal by phosphorylation and activation of multiple signaling molecules 

including IL-1 receptor associated kinases IRAK4, IRAK1, and IRAK2. IRAK activation 

results in an interaction with downstream signaling molecules including TNF receptor 

associated factor (TRAF) 6, IRF5, transforming growth factor β–activated kinase 1 

(TAK1), and inhibitor kappa B kinase (IKK). Activated IKK then phosphorylates 

inhibitor-κB (IκB), which masks the nuclear localization signal of nuclear factor kappa-B 

(NFκB), leading to the translocation of NFκB from cytosol to the nucleus.18  NF-κB is 

one of the most rapid acting transcription factors because it is present in cytosol as an 

inactive form and can be activated without new protein synthesis. When IKK is activated, 

IkB is phosphorylated and ubiquitinated which results in degradation of IκB in a 

proteosome. This dissociation exposes the nuclear localization signal of NF-κB, allowing 

NF-κB to enter the nucleus where it can induce gene expressions. NF-κB also stimulates 

IκB gene expression, and newly synthesized IκB prevents excessive NF-κB activation by 
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binding to it and returning it to the cytosol. This mechanism could lead to rapid 

functional changes in the host’s cells. In addition to NF-κB activation, various mitogen-

activated protein kinases (MAPKs), including MAPK3 (=Erk1), MAPK1 (=Erk2), p38, 

and Jnk, are activated, which then activate other transcription factors, including AP-1. 

Ultimately, these MyD88-dependent signaling cascades lead to the expression of pro-

inflammatory genes that induce inflammation. 

Conversely, activation of the TRIF pathway in TLR signaling primarily results in 

activation of interferon regulatory factor 3 (IRF-3), which then induces type-I interferon 

(IFN) gene expression for antiviral defense. Concomitantly, the TRIF pathway also leads 

to NF-κB activation to regulate the expression of various cytokine genes. TRIF recruits 

TRAF6 and activates TAK1, thereby resulting in activation of NF-κB and MAPK in a 

manner that is similar to that of the MyD88-dependent pathway.19 The TRIF-dependent 

pathway is also used in TLR4 signaling in most mammalian species studied.22 Indeed 

TLR4 is the only TLR that uses all four adaptor proteins mentioned above and activates 

both MyD88 and TRIF pathways. TLR4 activation at the plasma membrane firstly 

recruits TIRAP and MyD88 to trigger the initial activation of NF-κB and MAPK. TLR4 

then undergoes endocytosis and trafficking to the endosome, where it forms a signaling 

complex with TRAM and TRIF. This TRIF-dependent pathway then leads to IRF3 

activation as well as the ‘late-phase’ NF-κB and MAPK activation.18,19,23  

Recruitment of adaptor proteins triggers distinct cascade of events in the signaling 

pathways that ultimately result in activation of NF-κB and IRF-3. Genes that encode 

various inflammatory cytokines, type I IFN, and chemokines are the targets of these 

transcription factors. The products of these genes have key roles in the initiation of 



	   9	  

immediate immune responses and ultimately shape the adaptive immune response via 

chemoattraction and activation of immune cells, and up-regulation of co-stimulatory 

molecules for antigen presentation.24 As a result, activation of the MyD88 and TRIF 

pathways result in distinct biological effects.  

 

Differential expression of Toll-like receptors in cells  

The TLRs exhibit different patterns of expression. For example, TLR 1, TLR 2, 

TLR 4, TLR 5, TLR 6, and TLR 11 are expressed on the cell membrane and serve as 

sensors for PAMPs that primarily originate from microbial membrane components; 

lipoprotein and lipopetide are recognized by TLR 2 in complex with TLR 1 or TLR 6, 

and lipopolysaccharide (LPS) and flagellin are recognized by TLR 4 and TLR 5, 

respectively. In addition, TLR 3, TLR 7, TLR 8, and TLR 9 are present intra-cellularly, 

where they detect PAMPs within intracellular vesicles such as endosomes, lysosomes, 

and compartments of the endoplasmic reticulum; double-stranded viral RNA is 

recognized by TLR 3, single-stranded RNA is recognized by TLR 7 and TLR 8, and TLR 

9 mediates cellular response to unmethylated CpG dinucleotides that are present in 

microbial DNA.18,19,23 

 

 

 

 



	   10	  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.2. Schematic diagram of lipopolysaccharide 1 
 
LPS is the major component of the outer membrane of Gram-negative bacteria. LPS is 
composed of three parts; O polysaccharide (= O antigen) is a repetitive glycan polymer 
that varies from strain to strain. It comprises the outermost domain of the LPS molecule, 
and is a target for recognition by host antibodies. The core domain of LPS contains 
oligosaccharides. Lipid A is a phosphorylated glucosamine disaccharide attached to 
hydrophobic fatty acids that anchor the LPS molecule into the bacterial membrane. Lipid 
A is responsible for much of the toxicity of Gram-negative bacteria.  
 
1 - The image was downloaded from Wikimedia Commons 
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When Gram-negative bacteria are destroyed by the immune system, fragments of 

bacterial membrane containing lipid A from LPS are released into the circulation (Fig. 2. 

2). Five of the six lipid chains of LPS bind MD2 and the remaining lipid chain associates 

with TLR4. Additional proteins, such as LPS-binding protein (LBP) and CD14, are also 

involved in LPS binding. The formation of a receptor multimer composed of the 

TLR4/MD2-LPS complex initially transmits signals for the early-phase activation of NF-

κB by recruiting TIRAP and MyD88 adaptor molecules (MyD88-dependent pathway, Fig. 

2.3). After LPS binds to the TLR4/MD2 complex, the complex is internalized and 

retained in the endosome, where it triggers signal transduction by recruiting TRAM and 

TRIF, which in turn lead to activation of IRF3 and late-phase activation of NF-κB that 

result in the induction of type I interferon (TRIF-dependent pathway; Fig. 2. 3). The 

primary role of each pathway is different; the MyD88-dependent pathway induces the 

expression of inflammatory cytokines, including TNF-α, whereas the TRIF-dependent 

pathway regulates the expression of co-stimulatory molecules and type-I IFNs.18,19,23 

Both early- and late-phase activation of NF-κB are required for maximal induction of 

inflammatory cytokines. 
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Figure 2.3. Pathogen-associated molecular patterns recognition by Toll-like receptors 
 

The TLRs recognize PAMPs that are expressed on infectious agents, and mediate the production 
of cytokines necessary for the development of effective immunity. LPS recognition by TLR4 initiates both 
the MyD88-dependent and TRIF-dependent pathways. The MyD88-dependent pathway activates NF-κB, 
AP-1, and IRF5 that are responsible for inducing inflammatory cytokine expression. Activation of the 
TRIF-dependent pathway in TLR4-mediated responses requires recruitment of TRAM and TRIF to activate 
NF-κB and AP-1, and IRF3, which induce type I IFN expression. TLR3 utilizes a similar pathway, but 
without the involvement of TRAM. TLR2-TLR1 heterodimers recognize triacylated lipopeptide, and utilize 
TIRAP and MyD88 to induce production of inflammatory cytokines. Classically, TLR5 recognizes 
flagellin and activates NF-κB through MyD88, however, the results of a recent study of human colonic 
epithelial cells indicate a role for TRIF in TLR5 signaling. 27 Some TLRs are localized in intra-cellular 
compartments, where they detect internalized microbial components. For example, TLR3 in the 
endoplasmic reticulum recognizes double-stranded RNA derived from viruses or virus-infected cells, after 
which it traffics to the endolysosomes, where it engages its ligand. Activated TLR3 utilizes the TRIF-
dependent pathway to induce type I interferon and inflammatory cytokines.  
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TLR2 is involved in the recognition of a wide range of PAMPs derived from 

bacteria, fungi, parasites and viruses. These include lipopeptides from bacteria, 

peptidoglycan and lipoteichoic acid from Gram-positive bacteria, lipoarabinomannan 

from mycobacteria, and zymosan from fungi (Table 2.1). Unlike TLR4, TLR2 forms 

heterodimers with TLR1 (triacylated lipopeptides from Gram-negative bacteria and 

mycoplasma, and Pam3CSK4) or TLR6 (diacylated lipopeptides from Gram-positive 

bacteria and mycoplasma). TLR2 activation primarily induces the production of 

inflammatory cytokines and increases its recognition capacity by collaborating with other 

PRRs. Consequently, TLR2 is an important TLR responsible for modulating signaling 

outcomes mediated by TLRs. TLR5 recognizes the flagellin protein component of 

bacterial flagella, a function that will be reviewed in greater detail in a later section of 

this literature review.  

As mentioned previously, some TLRs are located in intra-cellular compartments 

where they recognize viral RNA and initiate antiviral responses.  For example, TLR 3 

recognizes double-stranded RNA derived from viruses or virus-infected cells. TLR 3 

activates the TRIF-dependent pathway to induce anti-viral immune responses by 

promoting production of type-I interferon and inflammatory cytokines. Such activation is 

mimicked by polyinosinic-polycytidylic acid (poly(I:C)), a synthetic analogue of double-

stranded RNA. By detecting genomic RNA that is produced during the replication of 

viral RNA inside the host cell, TLR 3 plays a key role in preventing viral infection. For 

this reason, TLR 3 deficient humans are highly susceptible to herpes simplex visrus type 

1 infection.25 Similarly, TLR 7 and TLR 9 recognize single stranded RNA derived from 

RNA viruses and DNA derived from both DNA viruses and bacteria, respectively. The 
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delivery of internalized nucleic acids to the endolysosomes is pivotal to interaction with 

these TLRs. For example, TLR 7 and TLR 9 are exclusively sequestered in the 

endoplasmic reticulum in unstimulated cells and rapidly traffic to endolysosomes after 

ligand stimulation. As a result, blockade of endolysosome acidification prevents TLR 7- 

and TLR 9-induced responses.26 

 

 
III. TLR ligand responses in equine studies 

Role of monocytes and neutrophils in the innate immune responses of horses 

 Monocytes/macrophages and neutrophils are key agents of the innate immune 

system that play a central role in the defense against microbial infections.28 Activation, 

extravasation, and degranulation of neutrophils are central features of inflammation and 

may contribute to organ injury in clinical sepsis. Neutrophils are equipped with 

proteolytic enzymes and their ability to produce reactive oxygen and nitrogen species 

make them suitable for elimination of extracellular pathogens. Therefore, it is not 

surprising that neutrophils are the first and most abundant leukocytes to arrive at sites of 

infection. Neutrophils also contribute to the release of inflammatory cytokines. For 

example, neutrophil depletion before burn injury prevented early microvascular injury in 

the intestine.29 In addition, monocytes/macrophages are pivotal cells in the production of 

various pro-inflammatory cytokines (e.g., IL-1, IL-2, IFN, TNF) that propagate the 

disease process.30 The results of several studies indicate that severe trauma, burn injury 

and sepsis can each induce an imbalanced expression of these inflammatory mediators, 

followed by increased expression of anti-inflammatory cytokines.31-33 The contribution of 

monocytes/macrophages to the production and release of these mediators has been 
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documented in many studies.30,34,35 The recognition of PAMPs by tissue macrophages is 

mediated in part by TLRs and cytosolic PRRs, Nod-like receptors (NLRs). Tissue 

macrophages and dendritic cells present foreign antigens to the cells of adaptive immune 

system, thereby integrating responses of the innate and adaptive immune to pathogens. 

The imbalance between pro- and anti-inflammatory cytokine levels due to non-specific 

activation of monocytes/macrophages by PAMPs during infection may play a crucial role 

in the initiation of systemic inflammatory responses that characterize sepsis. Thus, these 

two leukocyte populations are important not only in the innate immune response to 

microbial infection, but also to the pathophysiology of SIRS.   

 

TLR ligand responses in equine studies 

Recent studies have documented the role of TLRs in various diseases of horses. 

Among the twelve mammalian TLRs that have been identified, TLRs 1-10 has been 

investigated in horses (Table 2.2). For example, the expression of TLR 4 and its ability to 

recognize LPS and initiate transcription of pro-inflammatory cytokines have been 

reported for equine peripheral blood leukocytes,36,37 lungs and pulmonary macrophages,38 

bronchial epithelial cells,39 and corneal epithelial cells.40 Importantly, equine leukocytes 

are highly sensitive to LPS stimulation in vitro and produce pro-inflammatory cytokines, 

with EC50 values similar to those reported for humans or mice.37,41,42 Similarly, in vivo 

LPS challenge in horses has documented the deleterious effects of this bacterial 

component, including alterations in coagulation, tissue perfusion, blood pressure, and 

organ function.43, 44, 45 Because similar changes in cytokine production have been 

reported in septic human patients and horses,46, 30 the TLRs appear to play an important 
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role in mediating host inflammatory responses. For that reason, several studies have been 

conducted to characterize the responsiveness of equine leukocytes to various microbial 

ligands. In those studies, equine monocytes were exposed to Pam3CSK4, Poly I:C or LPS, 

ligands for TLRs 2, 3 and 4, respectively, and expression of mRNAs for pro-

inflammatory cytokines were quantified.  The results of that study indicated that ligands 

for TLR2 and TLR4 increased mRNAs for TNF-α, IL-1β, IL-6, and IL-10, cytokines 

linked to the MyD88-pathway.41 As mentioned above, TLR 4 activation also induces 

activation of the TRIF-dependent pathway in other mammalian species studied.22 

Therefore, TLR 4 activation by LPS leads to recruitment of TRIF, a response that is 

reflected by up-regulation of type-I IFN, IFN-β and its inducible chemokines, regulated 

upon activation, normal T-cell expressed (RANTES) and interferon gamma-induced 

protein 10 kDa (IP-10). However, LPS stimulation of equine monocytes resulted in 

minimal expression of type-I IFN regulated genes, which suggests that MyD88 is a 

dominant signaling pathway in equine monocytes for TLR4/LPS engagement.41 On the 

other hand, Poly I:C stimulation of equine leukocytes induced expression of IFN-β, IP-

10, RANTES, and TRAF1, molecules that are dependent on the TRIF pathway.41  

In subsequent studies, LPS was shown to induce production of TNF-α and 

reactive oxygen species by equine neutrophils, a response that was antagonized by 

adenosine A2A receptor agonists in a cAMP-dependent manner.37 In addition, 

unmethylated CpG, the ligand for TLR 9, activated equine neutrophils, as evidenced by 

enhanced production of reactive oxygen species and expression of mRNAs for IFN-γ, IL-

8 and IL-12.47 These results are similar to those obtained with cells from other species, 

including humans and mice. It is important to note, however, that there are species 
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differences in responses to LPS, depending on the origin of this PAMP.  For example, 

while LPS from S. typhimurium or E. coli act as agonists in all mammal species, LPS or 

its lipid A component from Rhodobacter sphaeroides are agonists in cells from horses 

and hamsters, but antagonists in cells from human and mice. This phenomenon is 

believed to be largely due to structural differences in either TLR4 or its co-stimulatory 

molecule MD2 that are important for ligand recognition.48, 49 

 The majority of the studies performed to evaluate the role of the TLRs in innate 

immune responses involved monitoring cellular responses to bacterial LPS. The results of 

those studies documented the role of TLR4/MD-2 in inflammatory responses of cells 

from humans and animals to this PAMP.6,48 However, the results of several studies 

indicate that TLR 4 or MD-2 knock-out mice are resistant to LPS challenge but remain 

highly susceptible to Gram-negative bacterial infection and develop septic shock.50, 51 

These findings suggest that PAMPs other than LPS have potent pro-inflammatory effects 

and important roles during clinical SIRS. As an example of this, septic shock induced by 

bacterial lipopeptides was dependent on the presence of TLR 2 in mice52 and similar 

effects can be elicited by bacterial DNA and its mimic CpG-DNA.53 These studies 

support the concept that multiple microbial ligands are able to stimulate the host immune 

system, and are involved in the pathogenesis of SIRS. 
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IV. TLR 5 complex and bacterial flagellin 

Bacterial flagellin  

Bacterial flagellum consists of approximately 20,000 flagellin molecules that are 

encoded by the fliC gene (Fig. 2. 4). Flagellin is well known as a motor unit of bacteria, 

but is also important in bacterial adherence to epithelial cells and invasion of host 

tissues.54 Flagellin is a 55-kDa protein monomer, which is composed of four domains; 

D0, D1, D2, and D3. D0 and D1 are buried in the center of the flagellin filament, and are 

conserved among flagellins from different bacterial species. In contrast, the highly 

variable D2 and D3 domains are exposed on the surface of the flagellar filament, and are 

targets for antibody responses.55  

 

TLR 5 and Ipaf detect flagellin  

One unique aspect of TLR 5 is that it recognizes a protein as a PAMP. Although 

flagellin does not undergo post-translational modification that will discriminate it from 

host cellular proteins, its amino and carboxy termini are extremely conserved, which 

allows TLR 5 to recognize different sources of flagellin as a PAMP. Furthermore, the 

conserved amino acid residues in the D1 domain of flagellin are released from the 

flagellin filament as it is depolymerized in order to interact with TLR 5.56  
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Figure 2.4. Schematic diagram of bacterial flagellin 2 
 
Flagellin protein is the major component of flagella. Flagella are composed of a helical 
rigid filament, a torsion adapter or hook, and a rotator known as the basal body. The basal 
body and hook structure anchor the flagella to the bacterial cell wall.  
 
2 - The image was downloaded from Wikimedia Commons 
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Upon recognition of flagellin, TLR 5 dimerization recruits the MyD88 adaptor, 

which in turn leads to expression of pro-inflammatory cytokine genes via the typical 

MyD88-dependent pathway activation (Fig. 2. 5).57 Further, cytosolic flagellin is 

recognized by an intracellular PRR, ICE protease activating factor (Ipaf). Some pro-

inflammatory cytokines, such as IL-1β and IL-18, are synthesized as inactive precursors 

and are then activated by proteolytic processing by activated caspase-1 protease.58 

Therefore, Ipaf activation plays an important role in cytokine processing via activation of 

caspase-1 in cells responding to the presence of flagellin. In addition, this cytosolic PRR 

is important for detection of bacteria that invade the host’s cells. For example, S. 

typhimurium uses the type-3 secretion system (T3SS) to invade epithelial cells or enter 

macrophages in order to replicate in the cytosol. This system is normally used for 

translocation of bacterial molecules into host cells, and flagellin can be introduced inside 

the cells in a similar way.59 Flagellin monomers translocated into the cytosol of infected 

cells are then recognized by Ipaf. In the same context, S. typhimurium or L. pneumophila 

mutants that do not express flagellin are unable to activate caspase-1 during macrophage 

infection.58,60 Together, cytokines produced as a result of TLR 5 and Ipaf activation could 

promote local inflammation and adaptive immune system activation. Although other 

TLRs expressed on the plasma membrane and other cytosolic PRRs activations could 

result in similar consequences, this dual monitoring system that detects flagellin suggests 

the importance of flagellin in the activation of the immune system.  
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Figure 2. 5. Dual recognition and activation of PRRs by flagellin 3 

TLR5 has limited expression on the basolateral surface of intestinal epithelial cells. Once 
microbes breach the intestinal epithelium by crossing the damaged epithelial barrier, 
flagellin can activate TLR5 and result in pro-inflammatory cytokines gene translation via 
MyD88 pathway signaling. In addition, when flagellin enters the host cell via the type-3 
secretion (T3SS) system that transports bacterial products into these cells, it is recognized 
by a cytosolic receptor, Ipaf. Ipaf signaling activates caspase-1 that contributes to the 
maturation of some pro-inflammatory cytokines, including Il-1β and Il-18. Taken 
together, the polarization of TLR 5 and dual recognition of flagellin by TLR5 and Ipaf 
allows for the initiation of selective inflammatory responses against invading microbes.  

3 - Image was adopted and modified from Mia at al. 2007 61  
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Potential role for flagellin in equine immune responses 

 Recent investigations have revealed an important role for flagellin in the 

induction of host proinflammatory responses. Flagellin, at low concentrations, activates 

macrophages, monocytes and intestinal and pulmonary epithelial cells in vitro, and 

induces the release of a host of pro-inflammatory mediators in vitro and in vivo.59,62 Also, 

increased levels of circulating flagellin protein and its antibody were detected in septic 

human patients and in a murine sepsis model.11,59 In vitro studies demonstrated the ability 

of flagellin to induce production of pro-inflammatory mediators by human monocytes 

and epithelial cells, resulting from the activation of NF-κB.63,64 In vivo flagellin 

administration in mice resulted in increased production of nitric oxide, a potent 

vasodilator, by epithelial cells and the development of hypotension and vascular 

hypocontractility that characterize septic shock.59  In this study, evidence of widespread 

oxidative stress was noticed especially in lung and liver where TLR5 is highly expressed.  

 Expression of functional TLR 5 in cells that are continuously challenged by 

pathogenic and non-pathogenic microbes, such as intestinal, corneal and conjunctival 

epithelium, is limited to the basolateral face, but absent on the apical side.65,66 This 

anatomical polarization of TLR 5 allows it to selectively distinguish between invasive 

flagellated bacteria and commensal microbes. Isolated cells from these tissues strongly 

respond to flagellin by secreting pro-inflammatory cytokines suggesting that flagellin-

induced activation of TLR 5 allows effective recognition of invading pathogens.65  
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There is convincing evidence for a role for bacterial flagellin in the pathogenesis 

of some gastrointestinal diseases. For example, Crohn’s disease, which is associated with 

imbalanced interactions between the microflora and the mucosal immune system in the 

intestine, that leads to the loss of tolerance of the gut to microfloral antigens and the 

initiation of inflammation. In this disease, flagellin is the dominant antigen recognized by 

antibody and T-cell responses, and increased titers of flagellin antibody have been 

detected in human patients with this disease.67 There is also evidence for the involvement 

of antibodies against flagellin in recognition of self-antigens in patients with Crohn’s 

disease, suggesting that adaptive immune response to flagellin may be involved in the 

pathogenesis of this disease by molecular mimicry between flagellin and auto-antigens.64 

In addition, flagellin has been identified as a dominant antigen capable of inducing colitis 

in TLR4-/- mice.68 These findings suggest that flagellin is an important factor for 

pathogenesis of intestinal disease. TLR 5-mediated recognition of flagellin in pulmonary 

inflammation has also been studied extensively. For example, flagellin potently 

stimulates murine alveolar macrophages and epithelial cells to produce pro-inflammatory 

cytokines,69 and injection of flagellin into mice results in a severe form of acute lung 

inflammation11 Therefore, recognition of the flagellin-TLR 5 pathway may offer novel 

opportunities for the treatment of various forms of shock, sepsis, bacterial inflammation 

and infection. The aim of the present study was to characterize the activity of flagellin on 

isolated equine leukocytes. 
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V. Endogenous TLR ligands 

 In recent years, it is becoming increasingly evident that, in addition to responding 

microbial PAMPs, TLRs respond to several endogenous molecules and their degradation 

products and trigger inflammatory responses. These molecules have been termed 

“danger-associated molecular patterns (DAMPs)” and, therefore, have been compared to 

PAMPs.70 During ischemia-reperfusion injury or septic shock, increased production of 

reactive oxygen species and pro-inflammatory cytokines, and activation of complement 

are commonly observed.71 Consequently, immune cells are activated and migrate to the 

site of injury, thereby promoting additional local tissue injury and initiating damage to 

other organs via a variety of inflammatory mediators that are produced and released from 

immune and tissue cells. As a result of injury or inflammation, components of the 

extracellular matrix are cleaved by cellular proteases, such as metalloproteinase and 

hyaluronidase, and degradation products, such as hyaluronic acid, fibrinogen, and 

heparan sulfate, are released. For example, hyaluronic acid, which is the most abundant 

extracellular matrix molecule in connective tissues, degrades into fragments and is 

released as a result of increased activity of enzymes during inflammation, infection, or 

tissue injury. In addition, some microbes, such as Streptococcus and Staphylococcus, 

express hyaluronic acid lyases that facilitate their ability to invade the host’s tissues by 

enhancing vascular permeability during infection or sepsis.72 As a result, hyaluronic acid 

fragments, especially those of low-molecular weight, accumulate locally at the site of 

injury.73,74 Furthermore, serum concentrations of hyaluronic acid increase in certain 

hepatic diseases, especially in patients with cirrhosis, in which clearance of hyaluronic 

acid is impaired. Rapid increases in circulating concentrations of hyaluronic acid also 
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occur in patients with massive burns, blood loss, shock, ischemic stroke, and major 

surgical procedures. 75, 76, 77 Therefore, serum hyaluronic acid has the potential to be a 

biomarker to detect injuries in aforementioned clinical conditions. In addition to 

extracellular matrix degradation products, other cellular components, such as heat shock 

proteins, and high-mobility group box 1 proteins, stimulate cell surface TLRs and have 

been detected in various disease conditions including sepsis.78-80 Recognition of 

endogenous TLR ligands is mediated by cell surface TLRs, primarily TLR 2 and TLR 4, 

that leads to inflammation as well as repair responses. For example, low molecular 

weight hyaluronic acid can bind to the TLR 4-CD44 complex on macrophages, dendritic 

cells, and endothelial cells, and result in phosphorylation of MAPK and activation of NF-

κB. These latter effects result in the release of various mediators that initiate and mediate 

inflammation.81-83 Furthermore, low-molecular weight hyaluronic acid up-regulates 

expression of TLR 4 mRNA and inflammatory mediators, such as TNF-α and IL-1ß, in 

cultured murine chondrocytes and enhances cellular pro-inflammatory responses when 

co-incubated with LPS.84 Therefore, it has been suggested that hyaluronic acid functions 

as a danger signal that alerts the host to the presence of tissue damage before fulminant 

infection or necrotic cell death develop can occur.  

 It is important to note that self-derived nucleic acids, DNAs and RNAs that are 

released by dying cells, can be recognized by TLR 7 and TLR 9 located in endosome. 

However, these nucleic acids do not activate innate immune responses under normal 

conditions, and the intracellular localization of TLR 7 and TLR 9 is important for 

avoiding contact with these nucleic acids in the extracellular space. A second safeguard 

against inappropriate responses to self-derived nucleic acids is the proteolytic maturation 
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process required for TLR 9. However, TLR 9 trafficking from the endoplasmic reticulum 

to the endosome is inducible by LPS stimulation, which suggests that inflammation could 

potentially increase the accessibility of self-derived nucleic acids to intracellular TLR 

during inflammation.85 

 In summary, the TLR family of receptors is a critical component of the innate 

immune system that detects invasion of the host by microbial pathogens or movement of 

PAMPs into the general circulation. Recognition of PAMPs by the TLRs initiates signal 

transduction pathways, which trigger the expression of genes that control innate immune 

responses and further instruct the development of antigen-specific acquired immunity.  

Differential recognition of PAMPs and utilization of different adaptor molecules provides 

specificity to the host’s response. While appropriate and balanced activation of TLRs is 

required to respond to PAMPs and microbial pathogens, over-reactivation of the innate 

immune system can lead to fatal conditions. With this in mind, the following studies 

focus on activation and regulation of TLR-mediated innate immune responses in equine 

leukocytes, with the goal of more fully understanding the horse’s response to pro-

inflammatory stimuli.  
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Table 2.1. Mammalian Toll-like receptors and there ligands 
 
 

TLRs Microbial ligands 
(or synthetic activators) Location Signaling    

pathway 

TLR 1 Triacyl lipopeptides from bacteria and 
mycobateria Cell surface MyD88/TIRAP 

TLR 2 

LTA from gram-positive bacteria, yeast, 
zymosan,  
lipopetides (Pam3CSK4, MALP-2), 
lipoarabinomanna from mycrobacteria 

Cell surface MyD88/TIRAP 

TLR 3 Viral dsRNA (Poly I:C) Intracellular 
compartment TRIF 

TLR 4 

LPS from gram-negative bacteria 
(synthetic Lipid A molecules),  
mannan from candida albicans,  
Hsp, HA oligossacharides 

Cell surface MyD88/TIRAP 
TRAM/TRIF 

TLR 5 Bacterial flagellin Cell surface MyD88 

TLR 6 
Diacyl lipopetides from Mycoplasma,  
LTA from gram-positive bacteria, yeast, 
(zymosan) 

Cell surface MyD88 

TLR 7 
Viral ssRNA,  
(Imiquimod),  
(synthetic polyU RNA) 

Intracellular 
compartment MyD88 

TLR 8 Viral ssRNA Intracellular 
compartment MyD88 

TLR 9 Bacterial and viral CpG DNA,  
(synthetic unmethylated CpG DNA) 

Intracellular 
compartment MyD88 

TLR 10 Unknown Cell surface Unknown 

TLR 11 
Profin-like molecules from Toxoplama 
gondii, unknown ligand from 
uropathogenic bacteria 

Cell surface Unknown 
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Table 2.2. Expression of Toll-like receptors in equine cells and tissues  
 
 

† mRNA expression, ‡ protein expression, §cellular activity by ligand stimulation 
 

TLRs Ligands Tissue/cell type References 

TLR 1 Triacyl 
lipopeptides Respiratory epithelium † Quintana et al. 201186 

TLR 2 
Diacyl 
lipopeptide 
Pam3CSK4 

Peripheral blood monocytes †§ Kwon et al. 201087 

Peripheral blood neutrophils § Kwon et al. (unpublished 
data) 

Cornea, conjunctiva, limbus of the eye † Gornik et al. 2011 40 
Lungs † : No basal expression, but TLR2 expression was 
detected in   LPS administered horses Singh Suri et al. 2006 38 
Respiratory epithelium † Quintana et al. 201186 
Liver † McGeachy et al. 88 

TLR 3 dsRNA 
Poly I:C 

Peripheral blood monocytes †§ Kwon et al. 201087 
Cornea, conjunctiva, limbus of the eye † Gornik et al. 2011 40 
Respiratory epithelium †‡ Quintana et al. 201186 

TLR 4 LPS 

Peripheral blood monocytes †§ 
 

Figueiredo et al. 
200941,Gold et al.46 
Kwon et al. 201087, 
Kwon et al. 2011 89 

Peripheral blood neutrophils †§ 
 

Sun et al. 200790,  
Kwon et al. 2011 89 

Peritoneal macrophages †§ Kwon et al. 2011 89 
Alveolar macrophages †§ Kwon et al. 2011 89 
Lungs †‡§ Singh Suri et al. 2006 38 

Bronchial epithelial cells Berndt et al. 200739 
 

Cornea, conjunctiva, limbus of the eye † Gornik et al. 2011 40 
Respiratory epithelium † Quintana et al. 201186 
Keratinocytes (skin) § Leise et al. 201091 
Liver † McGeachy et al. 88 

TLR 5 Flagellin 

Peripheral blood monocytes †‡§ Kwon et al. 2011 89 
Peripheral blood neutrophils †‡§ Kwon et al. 2011 89 
Peritoneal macrophages †‡§ Kwon et al. 2011 89 
Alveolar macrophages †‡§ Kwon et al. 2011 89 
Keratinocytes § Leise et al. 201091 

TLR 6 Diacyl 
lipopetides 

Cornea, conjunctiva, limbus of the eye † Gornik et al. 2011 40 
Respiratory epithelium † Quintana et al. 201186 

TLR 7 ssRNA Respiratory epithelium † Quintana et al. 201186 

TLR 8 ssRNA Respiratory epithelium † Quintana et al. 201186 

TLR 9 CpG DNA 
DCs †§, PMBC derived Mφ †, PMNs ‡, T-cells ‡ Flamino et al. 200792 

Zhang et al. 200893 
Cornea, conjunctiva, limbus of the eye † Gornik et al. 2011 40 

Respiratory epithelium †‡ Quintana et al. 201186 

TLR 10 Unknown Respiratory epithelium† Quintana et al. 201186 
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I. Abstract 

Toll-like receptors (TLRs) function as sentinels for the innate immune system, 

detecting microbial ligands during infection and inflammation. Previous studies indicate 

that activation of these receptors on equine monocytes leads to discrete pro- and anti-

inflammatory responses that are mediated through the induction of specific cytokine 

genes. However, less is known regarding the regulation of TLR gene expression in these 

cells. Therefore, we investigated the effects of ligands recognized by TLR 2, 3 or 4 upon 

TLR 2, 3 and 4 gene expression by equine monocytes. We determined that incubation of 

monocytes with TLR 2 and 4 ligands, which signal through the intracellular adaptor 

protein MyD88, induces expression of the TLR 2 and 4 genes, but not the TLR 3 gene. 

Conversely, incubation with a TLR 3 ligand, which recruits the TRIF adaptor protein, 

selectively induces expression of the TLR 3 gene, but not TLR 2 or 4 genes. Furthermore, 

incubation of these cells with TNF-α, the pro-inflammatory cytokine that is a hallmark of 

TLR activation, does not affect expression of the three TLR genes. These findings 

suggest that exposure of equine monocytes to microbial ligands but not to endogenous 

inflammatory mediators may initiate responses that alter the horse’s sensitivity to other 

microbial components during infections.   
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II. Introduction 

 Bacterial pathogen-associate molecular patterns (PAMPs) and pattern recognition 

receptors (PRRs) are often intensively related to the initiation of the host response during 

infection and inflammation.1 These innate receptors that function in immune cells and 

various parenchymal cells including intestinal epithelium in recognition of microbes, and 

initiation of the innate immune response and regulation of the adaptive immune response 

have been studied extensively.2 3 Toll like receptors (TLRs) are one of the key PRRs and 

in mammals, 12 members of TLR family have been identified.4 With respect to microbial 

recognition, TLR 2, 4, 5, and 9 function to detect common bacterial and fungal structures, 

whereas TLR 3, 7, and 8 are aimed primarily at viral detection.5 These receptors signal 

through activation of specific adaptors, which include signaling proteins, protein kinases, 

and transcription factors.  

 Each TLR utilizes a different set of intracellular adaptor proteins, and two major 

adaptor proteins to initiate inflammatory mediator expression are myeloid differentiation 

primary response gene 88 (MyD88) and TIR-domain-containing adapter-inducing 

interferon-β (TRIF).6 Both the MyD88 and TRIF pathways are activated by TLR 4 ligand 

such as LPS, whereas ligands for TLR 2 like bacterial lipoteichoic acid, peptidoglycan, 

and Pam3CSK4 activate only the MyD88 pathway. In contrast, TLR 3 ligands such as 

viral dsRNA or synthetic polyinosinic:polycytidylic acid (poly I:C) trigger activation of 

the TRIF pathway alone.7 Eventhough different TLRs recruit a different set of adaptor 

proteins upon recognition of specific pathogenic products, their downstream signaling 

cascade merge into an activation of transcription factor nuclear factor-kappa B (NF-κB), 

Activated NF-κB plays a key role in regulating the innate immune response to infection 
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by binding to transcription sites and inducing activation of an array of genes for acute 

phase proteins, inducible nitric oxide synthase, coagulation factors, pro-inflammatory 

cytokines such as TNF-α , as well as enzymatic activation of cellular proteases.8 

 PRRs including TLRs are often called  ‘innate receptors’ because there is no 

rearrangement of genetic information encoding them as occurs with immunoglobulin and 

T-cell receptor genes.  Consequently they do not provide a specific memory response as 

seen in the adaptive immune system.9 Thus so far, extensive research has been done to 

uncover the fundamental interactions and processes that lead to primary inflammatory 

activation by microbial products, and far less is known about the regulation of the 

receptors that sense these microbial triggers after primary activation. However, it has also 

become apparent that there is complex positive and negative regulation of the PRRs as a 

result of crosstalk with other signals.10 Also, there is limited and contradictory evidence 

available about secondary activation of monocytes and macrophages by these microbial 

products.  Some evidence suggests that secondary activation is inhibited and dampened, 

and other evidence supports that up regulation of one or several of the receptors involved 

in microbial ligand recognition is enhanced.9,10 
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III. Materials & methods 

General materials: 

 Equine serum was purchased from Hyclone (Logan, UT), RPMI-1640, and 

phosphate buffered saline (PBS) and penicillin/streptomycin were from Mediatech, Inc. 

(Herndon, VA). Escherichia coli 055:B5 LPS was from List Biological Laboratories, Inc. 

(Campbell, CA), and Pam3CSK4 (N- Palmitoyl- S-[2,3- bis( palmitoyloxy)-( 2RS)-

propyl]-[ R]-cysteinyl-[ S]-seryl-[ S]-lysyl-[ S]-lysyl-[ S]- lysyl-[ S]-lysine x 3 HCl ) and 

Poly (I:C) (Polyinosine-polycytidylic acid) were obtained from InvivoGen (San Diego, 

CA). Recombinant equine TNF-α was purchased from Thermo Scientific (Rockford, IL), 

and reconstituted as recommended by the manufacturer. RNeasy Mini kits and the 

RNase-free DNase set were purchased from Qiagen Inc. (Valencia, CA). The High 

Capacity cDNA archive kit, SYBR Green PCR master mix, and Universal 18S rRNA 

Taqman kits were purchased from Applied Biosystems (Foster City, CA). Histopaque-

1077 and all other high-grade chemicals were from Sigma–Aldrich (St. Louis, MO). 

 

Animals: 

 Twelve healthy adult horses, owned and managed by the University of Georgia, 

were used for this study. Peripheral blood samples were drawn from the jugular vein of 

each horse using a pyrogen-free syringe containing EDTA as the anticoagulant. The 

experimental protocol was reviewed and approved by the Animal Care and Use 

Committee at the University of Georgia. 
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Isolation of equine peripheral blood monocytes: 

 Mononuclear cells were collected after density-gradient centrifugation over 

lymphocyte separation solution (Histopaque 1077), suspended and then incubated as 

previously described to allow for isolation of monocytes.11,12 After incubation, non-

adherent cells were removed by washing, and adherent monocytes were incubated in 

medium containing 10% equine donor serum, supplemented with 100 units/ml penicillin 

and 100 mg/ml streptomycin. 

 

Incubation of monocytes with TLR ligands: 

 The monocytes were incubated either in RPMI-1640 medium containing 10% 

equine serum alone or in this medium containing serum and one of the following: E.coli 

LPS (100 pg/ml), Pam3CSK4 (30 ng/ml), Poly I:C (250 µg/ml), or recombinant equine 

TNF-α (10 ng/ml). These ligand concentrations were selected based on data in previous 

studies.12,13 Incubations were performed at 37oC in a humidified 5% CO2 atmosphere for 

various time intervals. Time-matched, unstimulated cells were utilized as basal 

expression controls. After incubation, the cells were washed with cold phosphate 

buffered saline, scraped from the plates in RNA cell lysis solution, and stored at –80°C. 

 

RNA extraction and cDNA synthesis for mRNA expression analysis: 

 After the cell lysates were thawed, total RNA was extracted using the RNeasy kit 

according to the manufacturer’s protocol and incubated with DNase at 24°C for 30 min to 

remove any contaminating genomic DNA. Only samples having 260:280 nm absorbance 

ratios between 2.0 and 2.2, as measured on a NanoDrop spectrophotometer (Thermo 
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Fisher Scientific;Wilmington, DE), were processed for cDNA synthesis using the High 

Capacity cDNA Archive kit (foster City, CA) using 100 ng of RNA as a template. 12 

 

Real-time quantitative RT-PCR: 

 Real-time quantitative reverse transcription PCR (qRT-PCR) assays, using SYBR 

Green as a detector, were performed in an Applied Biosystems 7900HT (Foster City, CA) 

sequence detection system, with Taqman 18S ribosomal RNA assays serving as 

endogenous controls as previously described.13 The TLR primer sets and their validation 

for qRT-PCR were described previously.11 Changes in gene expression were calculated 

by relative quantification against 18S rRNA using the ΔΔCT method; where ΔΔCT = 

([gene of interest CT – 18S rRNA CT]sample – [gene of interest CT – 18S rRNA CT]calibrator) 

as previously described.11,12 Results are expressed as the mean fold-change in gene 

expression at each time point. The CT for the non-stimulated control sample was used as 

the calibrator and assigned a fold-change in expression value of 1. All reactions were 

performed in triplicate. 

 

Statistical analysis: 

 Changes in gene expression over time were compared by one way ANOVA 

followed by Dunnett’s post hoc test where appropriate using GraphPad Prism Software 

(San Diego, CA). All data are reported as mean ± S.E.M. Values of p < 0.05 were 

considered to represent statistical significant differences, with > 2-fold changes in gene 

expression being regarded as biologically relevant. 
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IV. Results & Discussion 

 Ligand-induced modulation of TLR function (e.g., down-regulation and uncoupling 

from signaling pathways) and changes in TLR gene expression are important events in 

the regulation of cellular inflammatory responses. Given the critical role that 

inflammation plays in the development of complications associated with many equine 

diseases, including coagulopathy, laminitis and thrombophlebitis,14 we investigated 

whether; 1) incubation of equine monocytes with TLR ligands alters TLR gene 

expression, 2) individual TLR ligands alters the expression of genes for TLRs that 

recognize other microbial ligands, 3) preferential utilization of one of the two primary 

TLR-recruited adaptor proteins, MyD88 or TRIF, determines the profile of TLR gene 

expression, and if 4) TNF-α, a potent pro-inflammatory cytokine produced in response to 

TLR activation, induces similar changes in TLR gene expression, and potentially increase 

the sensitivity of these cells to microbial ligands. 

 Incubation of monocytes with the TLR 4 ligand, LPS, significantly increased 

expression of mRNA for both TLR 4 (3-fold) after 20 hours, and for TLR 2 after both 4 

hours (3.7-fold) and 12 hours (3-fold; Fig. 3.1 and 2). Similarly, incubation of monocytes 

with the TLR 2 ligand, Pam3CSK4, significantly increased expression of mRNA for TLR 

2 that peaked at 4 hours (4.9-fold), and of mRNA for TLR 4 that peaked at 20 hours (2.5-

fold; Fig. 3.1) 

 In contrast to the ligands that signal through the MyD88-dependent pathway, 

incubation of monocytes with the TLR 3 ligand (Poly I:C), which signals exclusively via 

the TRIF-dependent pathway, did not alter the expression of mRNA for either TLR 2 or 

TLR 4 during the 20 hours of the study (Fig. 3.1 and 3.2).  Incubation of equine 
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monocytes with the TLR 3 ligand, poly I:C, significantly increased TLR 3 mRNA after 

12 hours (9-fold) and 20 hours (26-fold; Fig. 3. 3). Furthermore, neither LPS nor 

Pam3CSK4 caused a significant change in expression of TLR 3 mRNA during the 20-hour 

period of the study (Fig. 3. 3). 

 TNF-α, a pro-inflammatory cytokine secreted primarily by macrophages and 

monocytes, contributes to many deleterious clinical consequences of inflammation (e.g., 

fever, leukopenia and tachycardia) and is strongly induced by TLR activation.7, 15 

Stimulation of TNF type 2 receptors also results in activation of NF-κB and the 

subsequent induction of genes associated with inflammation.16 Consequently, cellular 

activation by TNF-α could potentially induce TLR gene expression and provide a means 

for enhancing cellular responsiveness to microbial ligands recognized by those TLRs. 

After having confirmed that cross talk (i.e. the ability of one to regulate the other) 

between MyD88 and TRIF dependent pathways does not occur in terms of regulating 

TLR gene expression, we examined whether incubation of equine monocytes with 

recombinant equine TNF-α altered expression of TLR genes. To do so, peripheral blood 

monocytes isolated from 6 horses were incubated with equine recombinant TNF-α (10 

ng/ml) for 1, 4, 8, 12 and 24 hours, and expression of TLR2, 3 and 4 was examined by 

qRT-PCR. At all time points, mRNA expression for TLR2, 3 and 4 was unaltered when 

compared to that of cells incubated in medium alone (Fig. 3.4). These findings are in 

contrast to the transient TNF-induced decrease in expression of mRNA for TLR4 that 

occurred at 6 hours in human monocytes17, and the increase in TLR4 expression reported 

for human leukocytes incubated with TNF-α for 3 hours in another study.18 The observed 

differences could be explained in four possible ways.  First, there may be species 



	   50	  

differences in the effects of TNF-α stimulation on TLR expression, with expression of 

TLRs increasing in response to TNF-α in human leukocytes, but not in equine 

monocytes. Second, it is possible that TNF-α induced changes in expression of TLRs in 

equine monocytes may require more than 24 hours to be evident.  Third, the recombinant 

equine TNF-α may lack the ability to induce TLR gene expression because it lacks 

critical glycosylation or other post-translational modifications present in endogenous 

TNF. However, we were able to detect a significant increase in the expression of TNF-α 

and IL-6 genes by qRT-PCR evaluation of the RNA isolated from the same monocytes 

(data not shown).  Finally, it is possible that expression of TLRs is not altered by TNF-α 

(or not modulated by TNF-α alone). This seems to be a less likely reason as modulation 

of the expression of TLR genes has been documented in recent in vitro studies in which 

pro-inflammatory cytokines were used to mimic an inflammatory environment.19,20 In 

these latter studies, however, mixtures of cytokines were used, suggesting that TNF-α 

alone may not be sufficient to induce TLR gene expression.  

 During naturally occurring infections, it is likely that the host will be exposed to a 

variety of PAMPs, and that several innate receptors will be activated. Indeed, increased 

expression of TLR 4 and cytokine genes has been documented to occur in septic foals 

and human patients.21,22 Therefore, it is possible that interaction between signaling 

pathways distal to different PRRs could lead to additive, synergistic, or inhibitory effects 

on the expression of genes that are involved in the immune response. For example, 

activation of both TLR and NOD-like receptors are required to produce and process 

mature IL-1β.23 
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 In a previous study, we determined that LPS and Pam3CSK4 induced expression of 

MyD88-dependent genes such as IL-1ß, IL-6 and TNF-α in equine monocytes, while the 

viral RNA mimetic, poly I:C, induced expression of TRIF-dependent genes such as IFN-

γ, RANTES (CCL5) and IP-10.12 In other mammalian species studied to date, activated 

TLR 4 recruits both MyD88 and TRIF, but TLR 3 utilizes only TRIF, and TLR 2 ligands 

only signal through MyD88. Our findings with equine monocytes were consistent with 

minimal recruitment of TRIF after activation of TLR 4 by LPS.12 One consequence of 

TLR activation in other species is the up-regulation of TLR gene expression. For 

example, stimulation of cells with LPS has previously been shown to induce expression 

of the TLR 4 gene in mice and humans.18,22 Presumably, this increases the responsiveness 

of immune cells to subsequent microbial insults. Similarly, the results of the current study 

indicated that LPS and Pam3CSK4 induced the expression of both TLR 2 and TLR 4.  

Each of these ligands utilizes the MyD88-dependent pathway that culminates in 

activation of NF-κB, and the subsequent expression of inflammatory genes. In contrast, 

Poly I:C, a mimic of viral infection, selectively induced expression of TLR 3, a receptor 

known to signal though recruitment of TRIF.  

  

 Based on the results of the current study, there appear to be temporal differences in 

TLR 2 and TLR 4 gene expression after incubation with LPS and PAM3CSK4, with 

expression of TLR 2 preceding that of TLR 4 by approximately 8 hours (Fig. 3.1 and 

3.2). Further, neither of these ligands, which recruit MyD88, induces expression of 

TLR3, a receptor that signals through TRIF.  This pattern of TLR expression may 

represent an energetically economical strategy for the cells, as TLR 2 and TLR 4 
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recognize bacterial components while TLR 3 senses viral dsRNA. In addition, the 

increase in expression of the TLR 3 gene induced by Poly I:C appears to occur later and 

to a relatively greater degree than the increases in expression of the TLR 2 and TLR 4 

genes in response to their respective bacterial components (i.e., PAM3CSK4 and LPS; 

Figs. 3.1 - 3.3).  These temporal differences may reflect the longer period of time (often 

8-24 hours) required for viral replication within cells than for optimal bacterial growth 

(as short as 30 minutes) as part of the host-invader relationship. 

 In summary, the results of the current study indicate that activation of equine 

monocytes by TLR 2 and TLR 4 ligands increases the expression of genes for these two 

TLRs, but not for TLR 3. Conversely, cellular activation via TLR 3 selectively causes 

induction of the TLR 3 gene. These differences in receptor gene profile expression 

segregate with the different adaptor proteins utilized by TLR 2 and TLR 4, namely 

MyD88, and TLR 3, namely TRIF. Furthermore, incubation of equine monocytes with 

the pro-inflammatory cytokine, TNF-α, at a concentration that increased expression of 

inflammatory genes failed, to induce the expression of any of the three TLRs examined 

here.  
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Figure 3.1. Differential induction of TLR 4 response to TLR ligands 
 
Relative expression of mRNA for TLR 4 in isolated equine peripheral blood monocytes 
incubated with 100 pg/ml E. coli LPS (■), 30 ng/ml Pam3CSK4 (△), or 250 µg/ml Poly 
I:C (○) for 1, 4, 8, 12, and 20 hours. Stimulatory concentrations of TLR ligands were 
based on the results of previous studies.12 Values (mean ± SD) are expressed as fold 
change. *P<0.05 E. coli LPS versus non-stimulated cells at corresponding times. †P<0.05 
Pam3CSK4 versus non-stimulated cells at corresponding times. (n = 6 horses)  
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Figure 3. 2. Differential induction of TLR 2 in response to TLR ligands 
 
Relative expression of mRNA for TLR 2 in isolated equine peripheral blood monocytes 
incubated with 100 pg/ml E. coli LPS (■), 30 ng/ml Pam3CSK4 (△), or 250 µg/ml Poly 
I:C (○) for 1, 4, 8, 12, and 20 hours. Stimulatory concentrations of TLR ligands were 
based on the results of previous studies.12 Values (mean ± SD) are expressed as fold 
change. *P<0.05 E. coli LPS versus non-stimulated cells at corresponding times. †P<0.05 
Pam3CSK4 versus non-stimulated cells at corresponding times. (n = 6 horses)  
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Figure 3. 3. Differential induction of TLR 3 in response to TLR ligands 

Relative expression of mRNA for TLR 3 in isolated equine peripheral blood monocytes 
incubated with 100 pg/ml E. coli LPS (■), 30 ng/ml Pam3CSK4 (△), or 250 µg/ml Poly 
I:C (○) for 1, 4, 8, 12, and 20 hours. Stimulatory concentrations of TLR ligands were 
based on the results of previous studies.12 Values (mean ± SD) are expressed as fold 
change. *P<0.05 Poly I:C versus non-stimulated cells at corresponding times. (n = 6 
horses)  
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Figure 3. 4. TNF-α does not induce TLR gene expression in equine monocytes 

Relative expression of TLR 2 (△), TLR 3 (○), and TLR 4 (■)  mRNA in isolated equine 
peripheral blood monocytes incubated with 10 ng/ml recombinant equine TNF-α for 1, 4, 
8, 12, and 24 hours. Values (mean ± SD) are expressed as fold increase over control 
(non-stimulated) cells. (n = 6 horses) 
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I. Abstract 

As sentinel cells of the innate immune system, neutrophils and mononuclear 

phagocytes utilize specific Toll-like receptors to recognize the conserved molecular 

patterns that characterize microbes. This study was performed to compare the responses 

of equine neutrophils and mononuclear phagocytes to LPS and flagellin, bacterial 

components that are recognized by TLR 4 and TLR 5, respectively. Neutrophils and 

mononuclear phagocytes isolated from healthy horses were incubated in vitro with LPS, 

flagellin or pronase-inactivated flagellin in the presence or absence of polymyxin B.  

Production of reactive oxygen species and expression of mRNA for proinflammatory 

cytokines were used as readouts for activation of neutrophils; production of TNFa was 

used for the mononuclear cells.  Western blot analysis and flow cytometry were used to 

detect TLR 5 protein in both cell types. Although the neutrophils responded to both LPS 

and flagellin by producing reactive oxygen species and expressing mRNA for pro-

inflammatory cytokines, flagellin had no stimulatory effect on monocytes or 

macrophages. While both neutrophils and monocytes expressed mRNA for TLR 5, it 

appeared to be translated into protein only by the neutrophils. Incubation with neither 

LPS nor IFN-γ altered TLR 5 expression by the monocytes. These findings indicate that 

flagellin has disparate effects on neutrophils and mononuclear phagocytes isolated from 

horses, a species that is exquisitely sensitive to the TLR 4 ligand, LPS, and that equine 

mononuclear phagocytes, unlike corresponding cells of other mammalian species, lack 

surface expression of TLR5 and do not respond to flagellin. 
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II. Introduction 

Potential role for bacterial flagellin in equine immune responses 

 Many gastrointestinal diseases of humans and domestic animals have an 

inflammatory component to their pathogenesis. Of particular importance is the 

translocation of the structural components of enteric bacteria into the bloodstream, 

resulting in activation of the innate immune system and generation of the pro-

inflammatory mediators that are responsible for patient morbidity and mortality.1 These 

microbial components often referred to as “microbial molecular patterns”, bind to 

specific pattern recognition receptors, of which the Toll-like receptor (TLR) family is the 

most extensively characterized. Of the mammalian species, horses and humans are 

exquisitely sensitive to LPS, a component of Gram-negative bacterial cell walls that 

binds to the TLR4/MD-2 complex and induces a pro-inflammatory response in 

leukocytes (e.g., monocytes and neutrophils).2-4 LPS has been detected in the circulation 

of 35-45% of horses with various forms of gastrointestinal disease,5 has been associated 

with increased morbidity and mortality, and induces the production of a variety of pro-

inflammatory mediators by equine leukocytes.6,7 Furthermore, administration of purified 

LPS to horses stimulates coagulation, reduces blood pressure and tissue perfusion and 

results in lactic acidosis.8,9 Although several studies have been performed to evaluate the 

therapeutic potential of interventions directed against the deleterious effects of LPS in 

horses and other species, conflicting results have been obtained.10-13, 14 Furthermore, 

while the results of several studies indicate that both TLR 4 and MD-2 knock-out mice 

are resistant to LPS challenge, these animals remain highly susceptible to gram-negative 

infection and develop septic shock.10,11 Because the systemic inflammatory response is 
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secondary to the effects of proinflammatory mediators produced by the host in response 

to microbes and their components, these findings suggest that microbial molecular 

patterns other than LPS may have important roles in the development of clinical sepsis. 

 Flagellin, the principal component of the motor unit of bacteria, is important in 

bacterial adherence to epithelial cells and invasion of the host tissue.12 Host cells 

recognize flagellin as a microbial associated molecular pattern through specific regions of 

TLR 5.13 There is convincing clinical and experimental evidence that flagellin has an 

important role in disease pathogenesis. For example, both flagellin and antibodies 

recognizing flagellin have been detected in human patients and a murine model of sepsis. 

15,16 Furthermore, concentrations of antibodies directed against flagellin are increased in 

human patients with Crohn’s disease,17 the results of in vitro studies indicate that flagellin 

induces the production of NF-κB dependent pro-inflammatory mediators by human 

monocytes, murine alveolar macrophages and epithelial cells,18-20 and in vivo 

administration of flagellin to mice leads to the development of hypotension, acute 

pulmonary inflammation, and vascular hypocontractility that resemble findings in septic 

shock.21 Finally, flagellin induces colitis in TLR4-/- mice.22 

 In addition to their similar levels of sensitivity to LPS, humans and horses 

develop severe, life-threatening diarrhea in response to infection with Salmonella 

organisms.16,23 These flagellated bacteria invade intestinal epithelial cells, where they 

interact with mononuclear phagocytes (macrophages, dendritic cells, and monocytes) and 

neutrophils.24,25 These interactions lead to the synthesis and release of a variety of pro-

inflammatory mediators that result in rapid recruitment of additional neutrophils to the 

site of infection.21,26 As evidence for the deleterious effects of salmonellosis in horses, a 
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single strain recently was responsible for a case fatality rate of 36.1% of infected animals 

and closure of an entire university veterinary teaching hospital.27 

 Due to the central roles played by neutrophils and mononuclear phagocytes in the 

development of the systemic inflammatory response syndrome initiated by microbial 

molecular patterns, the present study was performed to compare the responses of equine 

peripheral blood leukocytes, alveolar macrophages and peritoneal macrophages to 

flagellin and LPS. 

 The main hypothesis of this study is that similar to bacterial endotoxin, bacterial 

flagellin will stimulate isolated equine leukocytes.  

 

III. Materials & methods 

General materials: 

 Equine serum was purchased from Hyclone (Logan, UT). RPMI-1640, phosphate-

buffered saline (PBS) and penicillin/streptomycin were from Mediatech, Inc. (Herndon, 

VA). Escherichia coli 055:B5 lipopolysaccharide (LPS) was from List Biological 

Laboratories, Inc. (Campbell, CA), and Bradford reagent was purchased from Biorad 

(Hercules, CA). RNeasy Mini Kits and the RNase-Free DNase set were purchased from 

Qiagen Inc. (Valencia, CA). Oligonucleotide primers were synthesized by Eurofins 

MWG Operon (Huntsville, AL). The High Capacity cDNA archive kit, SYBR Green 

PCR master mix, and universal 18S rRNA Taqman kit were purchased from Applied 

Biosystems (Foster City, CA). Pronase was from Roche (Nutley, NJ) and accutase was 

from eBioscience (San Diego, CA). Avidin–horseradish peroxidase was from BD 
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Biosciences (San Jose, CA). Anti-equine TNF-α polyclonal antibody and anti-equine 

biotin-labeled TNF-α polyclonal antibody were from Endogen (Woburn, MA). ECL 

reagent and HRP-conjugated secondary antibodies were purchased from GE Healthcare 

(Pittsburgh, PA). Primary antibodies used in the studies were as follows: MHC class I, 

MHC class II (VMRD, Pullman,WA), TLR5 (Imgenex, San Diego, CA), α-tubulin 

(Calbiochem, Gibbstown, NJ). Recombinant equine IFN-γ was purchased from R & D 

Systems (Minneapolis, MN) and the reticulocyte in vitro translation kit was purchased 

from Ambion Inc (Austin, TX). The FITC-labeled anti-mouse secondary antibody used 

for flow cytometry, Histopaque-1077 and all other high-grade chemicals were obtained 

from Sigma–Aldrich (St. Louis, MO).  

 

Flagellin preparations: 

 Flagellin, purified from S. typhimurium (SL3201)-conditioned medium by 

sequential anion/cation exchange and polymyxin-B agarose chromatography, was 

obtained from Dr. Andrew Gewirtz (Emory University, Atlanta, GA). 28 Due to the 

sensitivity of equine leukocytes to LPS, the Limulus amebocyte lysate assay (Charles 

River, Wilmington, MA) was used to determine the level of LPS contamination in the 

flagellin preparation. To remove additional LPS from this preparation, an LPS removal 

column, ProteoSpin™ (Norgen Biotek Corp. Thorold, Cananda) was used according to 

the manufacturer’s instructions. This procedure reduced the concentration of LPS to < 1 

pg LPS/µg flagellin, well below the minimal concentration of LPS proven to stimulate 

equine monocytes and neutrophils.29 30  
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Protein concentrations were measured by Bradford assay using BSA as the standard. For 

some experiments, flagellin was inactivated by incubating it with pronase (1 mg/ml) in 

100 mM HEPES buffer, pH = 7.2. Briefly, 200 µg flagellin was incubated for 2-6 h with 

20 µg pronase in a reaction volume of 200 µl at 40°C. The samples were then heated at 

95°C for 1 h to inactivate the pronase.31 

 

Horses and blood collection: 

 Ten adult horses owned and managed by the University of Georgia were used as 

blood donors for the studies described below. The horses were assessed to be healthy 

based on physical examination findings. The skin over the right jugular vein was 

aseptically prepared, and peripheral blood samples were collected into syringes 

containing EDTA as an anticoagulant. All experimental protocols using animals were 

reviewed and approved by the Animal Care and Use Committee at the University of 

Georgia.  

 

Cell isolation and culture: 

Isolation of equine neutrophils and monocytes 

 Neutrophils and monocytes were isolated by density-gradient centrifugation over 

Histopaque 1077 as previously described.29 Neutrophils were suspended at a final 

concentration of 3 × 107 cells/ml in RPMI 1640 medium containing 10% fetal bovine 

serum, 2 mM L-glutamine, 2 mM sodium pyruvate, and 50 µg/ml gentamicin. Cells were 

then incubated in a humidified 5% CO2 atmosphere at 37°C for 90 minutes to reduce 
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signal induced by exposure to the Histopaque 1077 solution.  After this incubation 

period, cell viability determined by trypan blue dye exclusion exceeded 98%.  

 Mononuclear cells were suspended in RPMI-1640 at a final concentration 4 × 106 

cells/ml, and 2 × 106 mononuclear cells were added to each well of a sterile 24-well 

polystyrene plate and incubated for 2 h at 37 °C, in a 5% CO2 atmosphere. Non-adherent 

cells were removed and adherent monocytes were then incubated in RPMI-1640 

containing 10% equine serum supplemented with 100 units/ml penicillin and 100 µg/ml 

streptomycin. For TLR 4 and 5 mRNA and protein expression studies, approximately 4 × 

107 mononuclear cells were incubated in sterile 150 × 15 mm Petri dishes for 2 h at 37 °C 

in a 5% CO2 atmosphere in the aforementioned medium. After non-adherent cells were 

removed, adherent monocytes were released by adding accutase (10 ml/dish) for 10 min 

at 37 °C. 

Preparation of equine alveolar and peritoneal macrophages  

 Bronchoalveolar lavage cells were obtained from two horses. Each horse was 

sedated with a combination of xylazine hydrochloride (1.0 mg/kg, IV) and butorphanol 

tartrate (0.07 mg/kg, IV). Bronchoalveolar lavage was performed using a 10 mm internal 

diameter, 2.4 m BAL catheter (Jorgenson Laboratories, Loveland, CO, USA). Warm 

saline solution (240 ml) was administered through the tube and retrieved into sterile 

bottles. The bronchoalveolar lavage fluid was centrifuged at 400 ×g for 10 min after 

which the cell pellet was washed twice with PBS at 20°C and the cells collected as 

described previously.32 After washing, the cells were suspended in 10 ml PBS for 

viability assessment and cell counting in a hemacytometer. Cells were then suspended in 

RPMI-1640 medium at 4 × 106 cells/ml, and 2 × 106 cells were added to each well of a 
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sterile 24-well polystyrene plate and incubated for 1 h at 37 °C, in a 5% CO2 atmosphere. 

Non-adherent cells were removed by washing, and adherent alveolar macrophages were 

incubated in the aforementioned medium. Peritoneal cells were obtained through 

abdominal paracentesis as previously described.33 Briefly, the ventral abdomen of the 

horse was clipped, scrubbed, and intradermal and subcutaneous 2% lidocaine was 

injected 5 cm caudal to the xyphoid process. A stab incision was then made through the 

skin and abdominal fascia using a scalpel blade, followed by blunt insertion of a sterile 

teat canulla into the peritoneal cavity. 100 ~ 200 ml of peritoneal fluid was collected by 

gravity into sterile conical centrifuge tubes that contained EDTA as an anticoagulant. The 

peritoneal fluid was centrifuged, washed, and plated in a similar fashion to the alveolar 

cells. For isolated macrophage stimulations, washed cells were incubated in RPMI-1640 

medium containing 10% equine serum containing E.coli LPS (1 ng/ml) or flagellin (200 

ng/ml) with peritoneal macrophage LPS stimulations also done in the presence of 

polymyxin B (13 units/ml). 

Isolation of leukocytes for flow cytometric analysis  

 For flow cytometric studies, total peripheral blood leukocytes were isolated from 

blood samples obtained from 6 donor horses. In brief, leukocyte-rich plasma was 

transferred to sterile 50 ml centrifuge tube, diluted with PBS solution, and cells collected 

by centrifugation at 400 ×g for 10 minutes at 20°C. The supernatant was removed and the 

residual erythrocytes in the cell pellet were lysed with distilled water and normal osmotic 

conditions restored by addition of an equal volume of 2 × PBS. After two additional 

washes with PBS, the leukocytes were counted in a hemocytometer and viability assessed 

by exclusion of trypan blue. 
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Measurement of reactive oxygen species (ROS) produced by isolated neutrophils: 

 Neutrophils were diluted by the addition of the aforementioned medium to 

achieve a final concentration of 3 × 105 cells/well in 96-well flat-bottom tissue culture 

plates. Cells were incubated with flagellin ranging from 100 pg/ml to 10 µg/ml in the 

absence or presence of 13 units/ml polymyxin B. For some experiments, inactivated 

flagellin was used to demonstrate the specificity of the reaction to flagellin. Reactive 

oxygen species were detected using the non-fluorescent dihydrorhodamine dye, as 

described previously. 30 Plates were incubated in a humidified atmosphere of 5% CO2 at 

37°C for 2 hours. Fluorescence was measured by use of a fluorescent plate reader with a 

485-nm excitation filter and 538-nm emission filter and reported in arbitrary fluorescent 

units (AFU). The mean and standard deviation of the triplicate readings were calculated. 

The induced ROS activity was compared between experiments by generating a response 

ratio (RR: Average AFU of stimulation-induced reactive oxygen species activity / 

Average AFU of endogenous reactive oxygen species activity measured from 

unstimulated cells).34 

 

Measurement of TNF-α protein produced by isolated monocytes and macrophages: 

 After being washed two times with RPMI-1640, the monocytes were incubated in 

RPMI-1640 medium containing 10% equine serum containing either E.coli LPS (100 

pg/ml) or flagellin (300 ng/ml, 1 µg/ml, and 3 µg/ml) in the presence or absence of 

polymyxin B (13 units/ml). In certain experiments, pronase-digested flagellin was 

included as an additional control. For all experiments, after a 6 h incubation at 37 °C in 

5% CO2, cell supernatants were collected for determination of TNF-α concentration using 



	   70	  

an equine specific ELISA as previously described. 30 Briefly, supernatant samples were 

incubated in a microtiter plate coated with anti-equine TNF-α polyclonal antibody. 

Subsequently, a biotin-labeled anti-equine TNF-α antibody was used for the detection of 

immobilized TNF-α protein. Then avidin-horseradish peroxidase was added, followed by 

color development with ABTS substrate. The spectrophotometric absorbance of the 

samples was determined at 405 nm using an automated microplate reader (Dynatech 

Laboratories, Chantilly, VA). TNF-α production was normalized and transformed to 

percentile change using negative control cells incubated with media only (0%) and 

positive control cells incubated with 100 pg/ml E.coli LPS (100%). 

 

Identification of a partial equine TLR5 mRNA sequence required for RT-PCR primer 

design: 

 A BLASTN search of equine sequences in GenBank using the human TLR5 

mRNA sequence (Accession #: NM 003268.) identified an equine EST (EST name: 

CT020002A20G09) with strong homology (E-value = 1e-137, score = 490 bits). The 

identified equine TLR 5 sequence is 454 bp in length and maps to nucleotides 2501-2947 

of the human TLR 5 query sequence.  RT-PCR primers (Forward: 5’-

GGGCCTCTACTCTGTTTCCA) and (Reverse: 5’-CACCACCCGTGTCTAAGGAA) 

were designed with Primer3 software to generate an amplicon of 449 bp with equine 

neutrophil RNA as template in the Qiagen ONeStep RT-PCR kit. The amplicon (Figure 

4) was purified after agarose gel electrophoresis using the QIAquick gel purification kit 

(Qiagen, Valencia, CA) and sequenced in both directions by Eurofins MWG Operon 

(Huntsville, AL) to confirm its identity by BLASTN homology search of GenBank 
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sequences. The high-quality sequence (Q > 20) was in concordance with the published 

equine TLR5 EST sequence. This primer set was also used for end-point RT-PCR assays.  

A second set of internal primers (Forward: 5’-TCCATGGAGGGTTGTGATGA and 

Reverse: 5’ CCCCGGAACTTTGTGACAAT) for equine TLR5 was designed using 

PrimerExpress software and validated for SybrGreen qRT-PCR gene expression assays as 

previously described for equine gene expression studies.35 Differences in TLR gene 

expression were calculated by relative quantification against 18S rRNA using the ΔCT 

method; where ΔCT = gene of interest CT - 18S rRNA CT. All reactions were performed 

in triplicate 35. For these studies GAPDH expression served as a comparative house-

keeping control gene between TLR neutrophil and monocyte expression profiles. 

 

RNA isolation, cDNA synthesis, and real-time qRT-PCR assays for mRNA expression 

analysis: 

 The equine target genes of interest in this study were TNF-α, IL-1ß, and IL-10, 

with gene expression analysis done by qRT-PCR assay as previously described.35 

Approximately 1 × 107 isolated neutrophils in the aforementioned medium were added to 

sterile polystyrene tubes and incubated for 1 or 4 h at 37 °C in a 5% CO2 atmosphere in 

the presence or absence of either 100 ng/ml LPS or 200 ng/ml flagellin. After incubation, 

cold PBS solution was added to tubes to stop cellular activity. The tubes were then 

centrifuged at 4°C for 5 min, the PBS solution removed, and cell pellets were lysed with 

RNA lysis solution and stored at -80 °C. Cell lysates were thawed, total RNA was 

extracted using the RNeasy kit according to the manufacturer's protocol and treated by 

incubation with DNase I at 24 °C for 30 min to remove any genomic DNA. Only samples 
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having 260:280 nm absorbance ratios between 2.0 and 2.2 as measured on a NanoDrop 

spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) were processed for 

cDNA synthesis using the High Capacity cDNA Archive kit (Foster City, CA) with 100 

ng of RNA as template. Real-time qPCR assays using SYBR Green as a detector were 

performed in an Applied Biosystems 7900HT (Foster City, CA) sequence detection 

system, with eukaryotic 18S ribosomal RNA assays serving as endogenous control as 

previously described.30,35 The validated primer sets for equine TLR4, TNF-α, COX-2 and 

IL-10 qRT-PCR assays have been previously reported.35 Changes in cytokine gene 

expression over time were calculated by relative quantification against 18S rRNA using 

the ΔΔCT method; where ΔΔCT = [(gene of interest CT - 18S rRNA CT)sample - (gene of 

interest CT - 18S rRNA CT)calibrator], with the calibrator being template from time-

matched, non-stimulated cells. Results were expressed as the mean fold change in gene 

expression at each time point. The ΔΔCT of the time-matched, non-stimulated sample 

used as the calibrator was assigned a fold change in expression of 1, with > 2-fold 

changes in expression regarded as biologically relevant. All reactions were performed in.  

 

Endpoint RT-PCR for TLR 4 and 5 mRNA expression analysis: 

 Non-stimulated neutrophils and accutase-released monocytes were used to 

monitor and compare basal expression of TLR 4 and 5 mRNA. For these studies, cells 

were obtained from 6 healthy horses. Equine glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) was used as an internal housekeeping gene for endpoint RT-PCR gene 

expression analysis. The primers for equine GAPDH were forward: 5’-

AAGTGGATATTGTCGCCATCAAT and reverse: 5’-AACTTGCCATGGGTGGAATC 
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while the primers used for equine TLR4 endpoint RT-PCR detection were the same as 

those used for the qRT-PCR assays.35 Briefly, for endpoint RT-PCR, 100 ng RNA 

template together with primers required to generate the 449 bp TLR5 amplicon, the TLR4 

amplicon or the GAPDH amplicon were used in the OneStep RT-PCR assay kit (Qiagen) 

according to the manufacturer’s protocol. The assays were run at 95 oC for 1 min, 50 oC 

for 30 min, 95 oC for 15 min followed by 35 cycles of 94oC, 57oC, and 72 oC for 1 min 

and a final polishing cycle of 10 min at 72 oC. Amplicons (12.5 µl of each reaction) were 

resolved by electrophoresis in 1.5% agarose 0.5X TBE gels and stained with ethidium 

bromide to visualize products for CCD camera image capture followed by densitometric 

analysis. These studies allowed for qualitative comparison of TLR5 mRNA expression in 

isolated equine neutrophils and monocytes.  

 

Western blotting for TLR5: 

 Cell pellets from isolated equine monocytes and neutrophils were suspended and 

allowed to swell in hypertonic buffer solution (10mM HEPES, pH = 7.9, 10 mM KCl, 0.1 

mM EGTA, 0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF) for 10 min on ice. The cell 

suspensions were lysed by the addition of NP-40 to 0.625% and the nuclei removed by 

centrifugation at 14,000 xg for 2 min at 4 oC. Total membrane and cytosol proteins from 

both leukocyte populations, adjusted to equivalent concentrations using the Bradford 

assay, were fractionated by 4 - 20 % SDS-PAGE and transferred onto nitrocellulose 

membranes for Western blotting. The blots were probed with antibody to TLR 5 (1:200) 

or α-tubulin (1:300) using a SNAP i.d. protein detection system (Millipore, Billerica, 
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MA), and processed with enhanced ECL reagent. Images were captured with a CCD 

camera and used for denisotmetric analysis. 

 

Densitometric and data analysis: 

 All non-saturated images were captured using an Ultra-Lum™ (Claremont, CA) 

imaging system. The densitometric quantification of selected Western blots and PCR 

agarose gels images were performed using Ultraquant 6.0 software. Values were 

normalized with their respective internal controls (i.e., GAPDH mRNA or α-tubulin 

protein). Thereafter, densitometry values were averaged between samples obtained from 

6 different horses and reported as mean ± S.E.M. 

 

Immunostaining: 

 Total leukocytes were suspended in sterile FACS buffer solution (PBS 

supplemented with 0.2% bovine serum albumin and 0.1% sodium azide) at a 

concentration of 2 x107 cells/ml and 100 µl aliquots of the suspension added to wells of 

96-well round bottom microtiter plate. After centrifugation (400 ×g for 10 min at 4°C) 

and removal of the FACS buffer, the cells were stained in separate wells with 20 µl of 

either primary antibodies for MHC class I (1:50), MHC class II (1:100) (used to 

discriminate among the cell populations) or TLR5 (serial dilutions) in FACS buffer. 

Antibody concentrations utilized had been optimized in preliminary studies (data not 

shown). The plates containing primary antibody were incubated for 20 min at 4°C and 

then each well was washed three times as previously described.34 After the third wash, 
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the FACS buffer was removed and replaced with 100 µl of a FITC-conjugated goat anti-

mouse IgG (1:200, Sigma, St. Louis, MO). The plates were incubated and washed as 

before. The cells were then suspended in 100 µl of cold FACS buffer, and added to a 1.5 

ml microfuge tube containing 400 µl of cold FACS fixative (4% formalin in FACS 

buffer).  

 

TLR 5 flow cytometry: 

 For each sample, data from 10,000 cells were collected and analyzed using an 

Accuri C6 Cytometer (Accuri Cytometers, Inc., Ann Arbor, MI). Full list mode data were 

acquired and saved for each sample. Total leukocytes were chosen as the test population 

to reduce the non-specific antibody binding effects observed after monocytes were 

isolated by adherence. In preliminary studies it was determined that neutrophil, monocyte 

and lymphocyte populations within a total leukocyte sample could be gated based on 

forward and side scatter to yield clean populations for analysis. Further, the three gated 

populations had the same staining patterns as each as the isolated leukocytes, except that 

the monocyte population had a much lower non-specific staining level in the gated 

population from total leukocytes than in adherence isolated monocytes.  Use of light 

scatter based leukocyte populations had previously been done with this TLR5 antibody 

for staining of canine leukocytes populations.36 The samples were gated based on forward 

angle and side scatter into windows that had previously been established for equine 

lymphocytes, monocytes and neutrophils.34 Each cell type was assessed for the 

percentage of cells having fluorescence staining that exceeded the second antibody 

background.  MHC class I and II mean fluorescent brightness values were also 



	   76	  

determined as a further check of the purity of each cell type. The gating and assessment 

of fluorescence was carried out using Accuri analysis software as previously described.37 

 

Cell-free translation assay: 

 High quality RNAs from isolated equine monocytes and neutrophils obtained 

from three blood donors were used for in vitro reticulocyte lysate translation reactions 

according to the manufacturer’s instructions (Rectic Lysate IVT™, Ambion). Briefly, 1 

µg of RNA isolated from each cell preparation, was incubated with 17 µl of rabbit 

reticulocyte lysate in a total volume of 25 µl for 1 h at 30°C. Assay products were 

resolved by 4 - 20 % SDS-PAGE and transferred onto nitrocellulose membranes for 

Western blotting. TLR5 antibody (1:200) was used to detect TLR 5 protein as described 

above. Densitometry was used as before to record concentrations of TLR 5 protein in 

each reaction sample examined. 

 

Data analysis: 

 The EC50 for flagellin was generated by fitting a logistic expression to 

concentration response data using GraphPad Prism Software (San Diego, CA). This 

analysis allowed determination of EC50 and maximum response values with their 

associated 95% confidence intervals. To identify significant differences between 

concentration response curves generated in the presence and absence of PMB, the best-fit 

values for three parameters (log EC50, top and bottom) were compared pair-wise using F 

tests. Differences between treatments and time points were detected by repeated measures 

ANOVA. Values of P < 0.05 were considered to be significantly different and individual 
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P-values are reported in the figures, as appropriate. The data are presented as the mean 

values (mean ± S.E.M.), and the results presented in the figures are representative of at 

least three independent observations with cells from six different horses, except for the 

alveolar macrophage data that was generated with cells obtained from two horses.   

 

IV. Results  

Flagellin activates equine neutrophils but not monocytes 

We have previously reported that equine peripheral blood monocytes are highly 

sensitive to activation by LPS, a TLR 4 ligand, and respond well and selectively to TLR 2 

and TLR 3 ligands.29 To explore the potential ability for bacterial flagellin to contribute 

to the inflammatory response in horses, we stimulated equine peripheral blood monocytes 

with increasing concentrations of highly purified flagellin. Unexpectedly, flagellin at 

concentrations as high as 3 µg/ml failed to induce TNF-α secretion from monocytes 

isolated from six horses (Fig. 4.1). In contrast, LPS, a known and potent activator of 

equine monocytes, induced TNF-α secretion from these cells to a similar extent as 

previously reported. Co-incubation of monocytes with polymyxin B reduced LPS-

induced secretion of TNF-α by >95% while having no effect on the minimal responses of 

these cells to flagellin. Similarly, pre-incubation of the flagellin with pronase did not 

change this non-responsiveness (Fig. 4.1). This finding was unexpected as human 

monocytes and murine alveolar macrophages are sensitive to flagellin stimulation, 

producing cytokines upon flagellin treatment in vitro.20,38 As a lack of response to 

flagellin could be due to degradation of the flagellin, we resolved the flagellin by SDS-
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PAGE and demonstrated a single band of 55 kd indicative of an intact protein (data not 

shown).  We next determined whether flagellin could induce ROS production in isolated 

equine peripheral blood neutrophils, as these cells contribute to innate immune response 

of horses to TLR ligands.7 Interestingly, incubation of equine neutrophils with a range of 

concentrations of flagellin caused a significant production of ROS with an EC50 of 20 

ng/ml with a response plateau at ~ 1 µg/ml (Fig. 4.2). Co-incubation of neutrophils from 

six different horses with polymyxin B to inhibit any residual contaminating LPS in the 

flagellin preparation did not cause a significant rightward shift of the dose response curve 

(EC50 = 40 ng/ml). Polymyxin B co-incubation did, however, significantly reduce ROS 

production in LPS stimulated neutrophils, as did pre-incubaton of flagellin with pronase 

(Fig. 4.3).  

 

Both equine monocytes and neutrophils contain TLR 5 mRNA transcripts 

To better understand the dramatic difference in the response of equine monocytes 

and neutrophils to flagellin, we investigated the role of TLR 5 in the two cell types. TLR 

5 is the cell surface receptor for bacterial flagellin, and to date, no additional proteins 

have been shown to be required for flagellin/TLR5 interaction.39 Therefore, we compared 

the expression pattern of TLR5 in equine monocytes and neutrophils. Real-time qRT-

PCR primers were designed and validated, and the difference between TLR 5 and TLR 4 

mRNA expression was compared in equine neutrophils and monocytes. Equine 

neutrophils expressed 1.8 times more TLR 5 mRNA than equine monocytes based on 

ratios of the ΔCT values obtained from the RT-qPCR assays of TLR 5 expression (Table 

4.1). Similar results were observed in endpoint RT-PCR assays using different TLR5 
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amplification primers (Fig. 4.4A); TLR 5 mRNA is expressed in both equine monocytes 

and neutrophils. However, after normalization of band intensity to that of GAPDH 

transcripts in the same samples, densitometry analysis revealed that TLR 5 transcripts 

were at least twice as abundant in equine neutrophils when compared to monocytes (Fig. 

4.4B).  Neutrophils also expressed 1.9 times more TLR 4 mRNA than monocytes (Table 

4.1). Our finding that equine monocytes express 1.5 times more TLR 4 than TLR 5 may 

explain the greater responsiveness of these cells to LPS than to flagellin.7,40 As 

maturation of peripheral blood monocytes to tissue macrophages could lead to a greater 

concentration of TLR 5 in macrophages, we compared expression of TLR 5 in these two 

populations. As shown in Table I, there is no significance difference in TLR 5 expression 

between equine monocytes and alveolar macrophages. Additionally, all three cell 

populations showed a similar degree of GAPDH gene expression.  

 

Both TLR5 mRNAs from equine monocytes and neutrophils can be translated  

After finding that equine monocytes do not respond to flagellin while having 

mRNA for TLR 5, we used an in vitro translation system to determine whether or not the 

TLR 5 mRNA in both cell types can be translated into protein. The results of these assays 

indicated that mRNAs from isolated monocytes and neutrophils yield TLR 5 protein that 

was detected by western blot analysis using antibody against TLR 5. However, twice the 

amount of monocyte RNA was needed to produce a similar amount of TLR 5 protein to 

that translated from RNA isolated from neutrophils (Fig. 4. 5).  
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Equine monocytes and neutrophils show differential expression of TLR 5 

 While the difference in responsiveness of equine neutrophils and monocytes to 

flagellin can be explained in part by the difference in TLR 5 mRNA expression, equine 

monocytes do express TLR 5 mRNA and could therefore have functional TLR 5 protein 

on their surface. We therefore performed flow cytometric analysis of cell surface TLR 5 

expression on isolated equine leukocytes. Total leukocyte samples were used to minimize 

cell surface damage during the cell isolation process. To separate leukocyte populations, 

cells were gated according to their forward (FSC) and side scatter (SSC) profiles (data 

not shown). Samples stained with MHC class I and II were used to check the purity of 

cell populations; both neutrophils and mononuclear cells stained strongly for MHC class I 

while only monocytes were strongly positive for MHC class II (Table 4. 2). Strong signal 

for TLR 5 was detected on the neutrophil populations and weak signal was detected on 

the monocyte populations (Table 4. 2). It is possible that the gated monocyte population 

contained contaminating lymphocytes that contribute to the weak TLR 5 staining 

observed in the monocyte populations. However, similar staining trends were observed 

when isolated neutrophils and monocytes were studied, although, higher non-specific 

staining in the presence of secondary antibody alone was also observed particularly in the 

isolated monocytes (Table 4. 2). Whereas incubation of human monocytes with IFN-γ 

modulates TLR5 expression41, surface expression of TLR 5 on neither equine monocytes 

nor neutrophils was altered by 3 or 20 hrs of incubation of peripheral blood leukocytes 

with either 100pg/ml E.coli LPS or 30 ng/ml equine recombinant IFN-γ (Table 4. 3). 
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To demonstrate that the flow cytometry data were due to specific binding to TLR 

5 on neutrophils and also that TLR 5 in monocytes was not sequestered in the 

intracellular environment, we performed TLR5 western blot analysis on neutrophil and 

monocytes lysates enriched for cytosol and membrane proteins. As shown in Figure 4.6, 

neutrophil lysates have a clear ~95 kd band in agreement with the size of TLR 5 in other 

species. In contrast, isolated monocytes did not generate a similar signal. It would thus 

appear that equine monocytes do not express TLR 5 on either the cell surface or in the 

cytosolic compartment (Fig. 4.6). Taken together, the RT-PCR, flow cytometry and 

western blot data suggest that equine monocytes do not express TLR 5, which clarifies 

the unresponsive nature of this leukocyte population to flagellin. 

 

Flagellin induces cytokine gene expression in equine neutrophils in a similar fashion 

to TLR 4 and TLR 2 ligands 

 Given the unique profile of TLR 5 expression in equine leukocytes, there is a 

remote possibility that equine TLR 5 signaling may differ to that of TLR 2 and TLR 4 

that also signal predominately through MyD88.39 We therefore compared the expression 

of mRNA for TNF-α, COX-2 and IL-10 in equine neutrophils stimulated with flagellin 

(TLR 5), LPS (TLR 4) or PAM3CSK4 (TLR2). EC90 concentrations (Sun et al.30 and 

unpublished data) of the aforementioned TLR ligands induced a comparable degree of 

TNF-α and COX-2 gene expression at 1 h and of IL-10 at 4 h (Fig 4.7) without 

significant differences between the three ligands. It thus appears that equine TLR 5 

signals in a similar fashion to other MyD88-coupled equine receptors. 
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Maturation of monocytes into tissue macrophage may increase TLR 5 gene expression 

and protein synthesis thereby allowing macrophage to respond to flagellin stimulation. 

Therefore, alveolar and peritoneal macrophages, two populations derived from 

monocytes, were investigated for their responsiveness to flagellin. Our results indicated 

that both cell types have only extremely weak responsiveness to flagellin stimulation, 

similar to that detected for equine monocytes (Fig. 4. 8). 

 

V. Discussion 

 Microbes carry an array of structurally distinct PAMPs that are recognized by 

different TLRs and other PRRs. In this study, we compared the responses of equine 

neutrophils, monocytes and macrophages to LPS and flagellin. The importance of 

flagellin in the pathogenesis of infectious diseases of mammals is underscored by the 

finding that it circulates as a free protein in the plasma of rats with experimentally-

induced gram-negative sepsis, has been detected in the sera of human patients with 

sepsis, 21 and antibodies directed against flagellin have been documented in the sera of 

human patients with Crohn’s disease or short bowel syndrome.16, 17, 42 Flagellin is 

expressed by a variety of motile bacterial species including Salmonella, E. coli, Bacillus 

spp., Campylobacter, and Bordetella bronchiseptica that are associated with equine 

diseases such as colitis and bronchopneumonia.43  

 In the relatively few studies published to date, flagellin activates mononuclear 

cells and neutrophils isolated from other species, and does so by interacting with TLR5.20  

For example, human peripheral blood monocytes express moderate amounts of TLR 544 
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and flagellin induces marked pro-inflammatory cytokine gene expression in these cells.45 

Furthermore, there is evidence that flagellin, acting through TLR 5, delays apoptosis in 

human neutrophils, and thereby perpetuates inflammation.46 In mice, TLR 5 mRNA 

expression appears to be restricted to dendritic cells and macrophages that originate from 

glomerular mesangial cells (SV40 MES-13), and is not detected in murine neutrophils.47 

Furthermore, murine alveolar macrophages respond strongly to flagellin in studies that 

illuminated the role of TLR5 in pulmonary infections.20 Although bovine antigen 

presenting cells express relatively less mRNA for TLR 5 than for TLR 448, bovine 

macrophages respond to flagellin in a manner that is similar to responses of human 

macrophages.24 Finally, while canine peripheral blood mononuclear cells express less 

TLR5 than other TLRs, they also respond significantly to flagellin by secreting TNF-α.49 

 Based on this information, we expected the responses of equine monocytes and 

neutrophils to flagellin to be at least qualitatively similar to those reported for other 

species. Because TLRs are expressed on the surface of circulating innate immune cells 

whose primary function is to identify and eliminate invading microorganisms, the lack of 

response of equine monocytes to bacterial flagellin was unexpected, particularly as these 

cells are highly sensitive to LPS with an EC50 of 30 pg/ml, through TLR 4 activation, and 

respond strongly to synthetic TLR 2 and TLR 3 ligands.29 In contrast, the equine 

neutrophils in the present study responded robustly to flagellin; we have previously 

reported that they are far less sensitive to LPS (EC50 of 9 ng/ml) than equine monocytes.7  

To study the difference in responsiveness of equine monocytes and neutrophils to 

flagellin, we compared the concentrations of TLR 5 mRNA in these two cell types.  

While equine monocytes contain TLR 5 mRNA, it is not as abundant as it is in 
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neutrophils. Furthermore, although the results of cell-free translation assays indicate that 

monocyte TLR 5 mRNA can be translated into protein, this does not occur in intact 

monocytes. 

 Because equine neutrophils respond strongly to flagellin, TLR 5 is clearly a 

functional receptor in these cells. Based on our findings, it appears that the lack of 

response of equine monocytes to flagellin is related to the low density of TLR 5 in these 

cells. The reason for the lack of TLR 5 protein in equine monocytes remains unresolved, 

but may be due to a specific block on TLR 5 mRNA translation or to rapid turnover of 

the small amount of TLR 5 protein synthesized by these cells. The differences in 

expression of TLR 5 in equine monocytes and neutrophils may be important in the 

functional roles of these two cell types in innate immune responses of horses. For 

instance, early detection and removal of flagellated bacteria by neutrophils, the first 

leukocytes recruited into tissues after microbial invasion, may be an effective way to 

provide protection against a commonly present microbial molecule without initiating 

excessive stimulation of immune system in equine diseases associated with bacterial 

infection (e.g. colitis and sepsis in foals).23, 50 Monocytes, on the other hand, are recruited 

later to sites of infection and play an important role in producing mediators that help 

restrict the spread of microorganisms and that promote removal of cellular debris. The 

lack of response of equine mononuclear phagocytes to flagellin may help account for this 

species propensity to suffer fatal infections caused by Salmonella organisms23,50 that have 

evolved mechanisms to down-regulate their surface expression of flagellin51 and thereby 

avoid host responses that otherwise might prevent tissue invasion. 
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 In contrast to immune responses to intact bacteria, the responses of leukocytes to 

circulating microbial molecular patterns may be different, particularly during 

gastrointestinal diseases in which translocation of such molecular patterns from the gut 

into the bloodstream occurs.  In this regard, equine monocytes respond to far lower 

concentration of LPS than neutrophils, emphasizing the fact that individual microbial 

molecular patterns can selectively activate different equine leukocyte populations.7,40 

Similarly, differences in concentrations of individual microbial molecular patterns may 

also direct the outcome of the equine innate immune response. For example, equine 

monocytes are highly sensitive to LPS (EC50 ~10-30 pg/ml), moderately sensitive to the 

synthetic TLR 2 ligand Pam3CSK4 (EC50 ~1-5 ng/ml), less sensitive to the extracellular 

TLR 3 ligand poly I:C (EC50 >100 µg/ml), and insensitive to flagellin. Thus, as greater 

concentrations of bacterial products enter the circulation during gastrointestinal diseases 

monocytes would be activated initially by LPS and subsequently by the other bacterial 

TLR ligands, leading to the release of discrete sets of innate immune mediators over time 

(e.g. TNF-α, IL-1β and prostaglandins). Presumably, as the concentrations of microbial 

molecular patterns in the circulation increase further, LPS and flagellin would then 

activate neutrophils and result in the production of other innate immune mediators, such 

as ROS.  

 The pronounced differences in the responses of monocytes and neutrophils to 

bacterial ligands identified in the current study appear to be unique to the horse, as 

similar observations have not been reported for other mammalian species. Therefore, 

there appear to be species-specific differences among mammalian leukocytes with regard 
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to TLR 5 expression that affects their responsiveness to flagellin and consequently the 

manner in which immune responses are regulated in different species of animals.  

 However, some studies indicate that intracellular sequestration of such receptors 

occurs to reduce the likelihood of unnecessary cellular activation by commensal bacteria. 

Thus, TLR 4 can be sequestered in the Golgi apparatus in intestinal or respiratory 

epithelial cells.52, 53 Similarly, expression of TLR 5 is limited to the basolateral surface of 

human intestinal epithelial cells, which enables TLR 5 to be effective in detecting 

invading pathogens, and not commensal organisms in the gut.54 In contrast, it is important 

for TLRs to be expressed on the surface of circulating innate immune cells, such as 

monocytes and neutrophils, whose primary function is to identify and eliminate invading 

microorganisms. Thus, our finding that equine monocytes do not respond to bacterial 

flagellin was unexpected, particularly as these cells are highly responsive to LPS, through 

TLR 4 activation, and respond strongly to synthetic TLR 2 and TLR 3 ligands.29 In 

contrast, equine neutrophils respond robustly to flagellin, while being far less sensitive to 

LPS.  To study the difference in responsiveness of equine monocytes and neutrophils to 

flagellin, we compared the concentrations of TLR 5 mRNA in these two cell types.  

While equine monocytes contain TLR 5 mRNA, it is not as abundant as it is in 

neutrophils. Furthermore, although the results of cell-free translation assays indicate that 

monocyte TLR 5 mRNA can be translated into protein, this does not occur in intact 

monocytes. 
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Table 4. 1. TLR 5 mRNA expression in equine neutrophils and monocytes 

Cell type 
ΔCT value 

TLR 4 TLR 5 GAPDH 

Monocytes 8.82 ± 0.34 13.31 ± 0.76 4.94 ± 0.52 

Neutrophils 4.69 ± 0.59** 7.59 ± 0.34†† 5.78 ± 0.29 

Alveolar macrophages 7.21 ± 0.12 14.21 ± 0.46 5.47 ± 0.05 

 

The mean ± S.E. ΔCT [gene of interest CT - 18S rRNA CT] values for TLR 4, 5, and 
GAPDH of equine monocytes, neutrophils, and alveolar macrophages. **P<0.001 for 
mean ΔCT TLR4 of neutrophils versus monocytes and ††P<0.001 for mean ΔCT TLR5 of 
neutrophils versus monocytes. ; n = 6 for monocytes and neutrophils and n = 2 for 
alveolar macrophages. 

 

 

Table 4. 2. Expression of TLR 5 on equine monocytes and neutrophils as determined by 
flow cytomtery 

Cell 
population+ MHC I MHC II 

TLR 5 (dilutions)  

1:10 1:50 1:100 

Monocytes 84.0 ± 16.9 71.8 ± 15.9 10.1 ± 7.2 8.8 ± 7.4 8.3 ± 7.5 

Neutrophils 98.0 ± 3.5 19.2 ± 12.2 70.7 ± 8.3† 30.0 ± 8.9* 14.4 ± 5.1 

+Cell populations were gated according to their forward (FSC) and side scatter (SSC) 
profiles as well as MHC I and II expression patterns. Cells stained with FITC-labeled 
secondary antibody only were used as a background control. Values (mean ± SD) are 
expressed as the percent of neutrophils and monocytes stained positively to the primary 
antibodies indicated, and normalized using cells stained with FITC-labeled secondary 
antibody only. Ten thousand events were acquired. †P < 0.001 for monocytes versus 
neutrophils at 1:10 and   *P < 0.05 for 1:50 dilutions of TLR5 primary antibody staining. 
n = 5 horses. 
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Table 4.3. Expression of TLR 5 on equine monocytes and neutrophils as determined by flow cytomtery after incubation with either 
LPS or IFN-γ.  
 

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Total leukocytes were incubated either with 100pg/ml E.coli LPS or 30 ng/ml equine recombinant IFN-γ for 3 or 20 hours. Cell 
populations were gated according to their forward (FSC) and side scatter (SSC) profiles as well as MHC I and II expression patterns. 
Cells stained with FITC-labeled secondary antibody only were used as a background control. Values (mean ± SD) are expressed as the 
percent of neutrophils and monocytes stained positively to the primary antibodies indicated, and normalized using cells stained with 
FITC-labeled secondary antibody only. Ten thousand events were acquired.  

Cell population Time Treatment MHC I MHC II 
TLR5 (dilutions) 

1:10 1:50 1:100 

Monocytes 

3 h 

Control 66.1 ± 22.5 60.2 ± 21.5 7.8 ± 5.4 8.8 ± 4.8 7.0 ± 4.4 

LPS 67.2 ± 18.1 63.0 ± 14.6 10.6 ± 7.7 7.0 ± 6.4 11.5 ± 12.3 

IFN-γ 65.1 ± 19.4 61.1 ± 18.2 8.6 ± 6.6 8.5 ± 6.7 8.9 ± 7.1 

20 h 

Control 59.2 ± 15.6 34.6 ± 22.9 9.6 ± 9.7 7.3 ± 9.5 4.7 ± 5.9 

LPS 62.6 ± 13.4 34.7 ± 21.7 5.2 ± 4.3 3.2 ± 3.0 2.0 ± 1.9 

IFN-γ 59.6 ± 17.1 27.9 ± 11.3 8.7 ± 7.8 4.9 ± 3.5 3.0 ± 2.2 

Neutrophils 

3 h 

Control 98.0 ± 1.1 11.4 ± 1.5 53.6 ± 9.0 16.3 ± 5.2 5.4 ± 2.5 

LPS 97.5 ± 1.3 14.7 ± 2.9 61.1 ± 1.8 24.1 ± 5.6 9.2 ± 3.1 

IFN-γ 96.0 ± 2.2 14.5 ± 1.4 60.7 ± 8.3 25.1 ± 4.4 10.3 ± 4.7 

20 h 

Control 69.2 ± 44.9 11.9 ± 8.4 24.5 ± 19.6 4.0 ± 3.6 2.1 ± 1.5 

LPS 80.3 ± 26.3 10.3 ± 7.7 24.5 ± 20.0 4.0 ± 3.2 1.7 ± 1.0 

IFN-γ 85.5 ± 17.1 10.1 ± 7.7 12.8 ± 9.9 1.9 ± 1.2 0.8 ± 0.4 
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Figure 4. 1. Flagellin induces minimal TNF-α production by equine peripheral blood 
monocytes  

Relative concentrations (mean ± S.E.M.) of TNF-α in supernatants of isolated equine 
monocytes incubated with E. coli 0111:B4 LPS alone (100 pg/ml) and in the presence of 
polymyxin B (PMB; 13 units/ml), flagellin (3 µg/ml) alone, and flagellin in the presence 
of PMB (13 units/ml) or deactivated with pronase (1 mg/ml) for 6 hours. TNF-α 
concentrations for unstimulated, control cells were set at 0 % and positive control cells 
incubated with 100 pg/ml E.coli LPS were set at 100 %. All other stimulations were 
calculated relative to the LPS stimulation. 
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Figure 4. 2. Flagellin induces a dose dependent increase in production of radical oxygen 
species (ROS) by equine peripheral blood neutrophils  

ROS production in isolated neutrophils incubated with flagellin alone (■) (100 pg/ml to 
10 µg/ml) and in the presence of polymyxin B (∆) (13 units/ml). Results are reported as 
the ratio of ROS production induced by flagellin compared to non-stimulated cells. Each 
point represents the mean ± S.E.M. for 6 horses. 
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Figure 4. 3. Both flagellin and LPS induce ROS production in equine neutrophils  

ROS production (mean ± S.E.M.) in isolated neutrophils incubated with E. coli 0111:B4 
LPS alone (1 ng/ml) and in the presence of polymyxin B (PMB) (13 units/ml), flagellin 
(1 µg/ml) alone, flagellin in the presence of PMB (13 units/ml) and flagellin inactivated 
with pronase (1 mg/ml). Results are reported as the ratio of ROS production induced by 
flagellin compared to non-stimulated cells (stimulated ROS/non-stimulated ROS). †P < 
0.05 E. coli LPS co-incubated with polymyxin B versus E. coli LPS alone. **P < 0.001 
inactivated flagellin by pronase treatment versus flagellin alone. Similar results were 
obtained with different concentrations of flagellin. (data not shown); n = 6 horses. 

 

 

0

1

2

3

4

**

†

R
O

S 
Pr

od
uc

tio
n 

(re
sp

on
se

 ra
tio

)

      LPS

    Flagellin
PMB

Pronase

+                +                 +                +                 +   
+                +                 +                +                 +   
+                +                 +                +                 +   
+                +                 +                +                 +   



	   92	  

 

 

 

 

 

 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. 4. TLR5 mRNA expression in equine neutrophils and monocytes 

(A) Representative expression of Toll-like receptor 5 (top) and GAPDH (bottom) mRNA 
by unstimulated equine monocytes (M) and neutrophils (N). Shown are the agarose gel-
resolved end-point RT-PCR amplicons generated with equivalent RNA template (100 ng) 
from cells obtained from 2 different horses.  

(B) Densitometry was performed and normalized to the GAPDH band densities in the 
agarose gels after the endpoint RT-PCR for TLR 5 mRNA detection. TLR 5 band density 
was normalized against the density of GAPDH as an internal control. **P < 0.001 ; n = 6 
horses 
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Figure 4. 5.  Both equine monocyte and neutrophil RNAs can be translated into TLR 5 
protein  

RNA from monocytes (1 µg) or neutrophils (0.5 µg) was translated using in vitro 
reticulocyte lysate reactions for 1 hour at 30°C and proteins revolved by SDS-PAGE 
prior to performing TLR 5 immunoblots.  Shown are monocyte (M) and neutrophil (N) 
translation products from the RNA of two horses. Similar results were obtained with 
RNA isolated from the cells of two additional horses. Densitometry units are presented as 
mean ± S.D. from four horses.  
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Figure 4. 6.  Toll-like receptor 5 protein expression in equine monocytes and neutrophils 

Equivalent concentrations (10 µg) of enriched cytosol/membrane protein preparations 
from equine monocytes and neutrophils were used for the Western blot detection of TLR 
5. This experiment was repeated twice with similar results.  
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Figure 4. 7. Flagellin, LPS and Pam3CSK4 induce TNF-α, COX-2, and IL-10 gene 
expression in equine neutrophils  

Expression of TNF-α, COX-2, and IL-10 mRNA in isolated equine neutrophils incubated 
with E. coli LPS (100 ng/ml; hatched bars), Pam3CSK4, (300ng/ml; clear bars), and 
flagellin (200 ng/ml; solid bars) for 1 h (TNF-α, COX-2) and 4 h (IL-10). The 
stimulatory concentrations of LPS and Pam3CSK4 were based on the results of previous 
studies (Sun et al.,30 unpublished data). Values (mean ± SD) are expressed as the fold-
increase over time-matched control (non-stimulated) cells.  
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Figure 4. 8.  Flagellin does not induce TNF-α production by equine alveolar (n=2 
horses) or peritoneal macrophages (n=6 horses)  

Relative concentrations (mean ± S.E.M.) of TNF-α in supernatants of isolated equine 
alveolar and peritoneal macrophages incubated with E. coli 0111:B4 LPS alone (1 
ng/ml), flagellin (200 ng/ml) alone or flagellin in the presence of PMB (13 units/ml) for 6 
hours. TNF-α concentrations for unstimulated, control cells and LPS stimulated cells 
were set at 0% and 100% respectively. **P<0.001 flagellin treatment versus LPS alone.  
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I. Introduction 

 Colic and sepsis are the most significant causes of mortality and morbidity in 

horses and foals, respectively.
1,2

 The pathogenesis of many gastrointestinal (GI) diseases 

of horses, and sepsis in foals, has a significant inflammatory component. Of particular 

importance to these diseases is the translocation of structural components of enteric 

bacteria into the bloodstream, activation of the animal’s innate immune system, and 

generation of inflammatory mediators that are responsible for patient morbidity and 

mortality. In the gut, the animal’s first line of defense against enteric bacteria is an 

anatomically intact, mucus-coated barrier of intestinal epithelial cells. In addition, 

leukocytes in the underlying lamina propria contribute to the protection against bacteria. 

In many equine GI diseases, there is evidence that this normal intestinal mucosal barrier 

function is lost, allowing the translocation of enteric bacterial lipopolysaccharide (LPS) 

into the general circulation.
3
 Similarly, LPS and Gram-negative bacteria are commonly 

detected in the blood of septic equine neonates.
4
 After gaining access to the circulation, 

LPS binds to its pattern recognition receptor, Toll-like receptor 4, to initiate the signaling 

pathways that ultimately induce potent innate immune responses.
5
 As a result, clinical 

signs consistent with the systemic inflammatory response syndrome develop in horses 

with severe GI disease and foals with sepsis. Although LPS clearly is responsible for 

some of the alterations that occur in affected animals, it is equally likely that other 

bacterial components enter the circulation.
6
 However, no studies have been performed to 

detect bacterial components other than LPS in either horses with GI diseases or foals with 

sepsis.  
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There is recent evidence in the literature that serum concentrations of flagellin and 

anti-flagellin antibodies increase significantly in human patients with certain intestinal 

diseases
7,8

 suggesting that bacterial components other than LPS may be responsible for 

the development of the systemic inflammatory response syndrome in these patients. The 

results of the study summarized in Chapter 4 indicate that flagellin induces changes in 

inflammatory gene expression in equine neutrophils that are indistinguishable from those 

induced by LPS.
9
 Moreover, we have determined that flagellin selectively activates 

equine neutrophils but not monocytes, whereas LPS activates both cell types. Thus, in 

horses flagellin elicits an innate immune response that is distinct from that induced by 

LPS.  Flagellated bacterial species that are present in the horse’s gastrointestinal tract 

include Bacillus spp., Citrobacter spp. Campylobacter, Bordetella bronchiseptica, E. 

coli, and Salmonella spp. Therefore, horses and foals have large reservoirs of flagellin 

and depend upon an effective intestinal mucosal barrier system to restrict these bacterial 

components to the intestinal lumen.  

Immunoglobulin G (IgG) is important in the host defense against bacterial 

diseases because it promotes bacterial phagocytosis and reduces intracellular bacterial 

growth.
10

  Furthermore, IgGs reduce microbial infection by interfering with microbial 

adherence and cell signaling, inhibiting translocation of bacteria in the gut, assisting with 

phagocytosis of pathogens. Therefore, transfer of colostoral IgGs within the first 24 hours 

of life in neonatal foals is critical to protect newborns against the development of 

disease.
11
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Therefore, the objective of this study is to test the hypothesis that flagellin enters 

the circulation of septic foals and horses with GI diseases. If our hypotheses are proven to 

be true, our findings may help account for the inconsistent responses obtained with the 

use of treatments specifically directed against LPS (i.e., hyperimmune serum and 

polymyxin B).
12,13

 Furthermore, we will determine whether adult horses respond to the 

presence of flagellin in the circulation by producing IgG directed against it, and whether 

changes occur in serum concentrations of colostrum-derived flagellin IgGs in septic 

newborn foals are associated with the presence of flagellin.  
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II. Materials & methods 

General materials: 

 Immulon 4 microtiter 96 well plates were purchased from Nunc (Rochester, NY), 

Mouse monoclonal FliC flagellin antibody was purchased from BioLegend (San Diego, 

CA). Goat polyclonal E. coli flagellin antibody was obtained from Dr. A. Gewirtz, Emory 

University. Secondary antibodies against mice and goat, or horse that are conjugated with 

HRP were purchased from Santa Cruz (Santa Cruz, CA) and Serotec (Raleigh, NC), 

respectively.  All other high-grade chemicals including carbonate bicarbonate buffer were 

obtained from Sigma Aldrich (St. Louis, MO).  

 

Study population and sample collection: 

 This study consisted of a retrospective portion involving serum samples from 38 

hospitalized neonatal foals and 57 hospitalized horses with GI disease all presented to the 

Veterinary Teaching Hospital at the University of Georgia. The 38 hospitalized foals had 

previously been assigned to either septic or non-septic categories, based on clinical and 

clinicopathological data at the time of admission as well as blood culture results. Briefly, 

sepsis was determined by either a positive blood culture or a sepsis score ≥ 11 at 

admission. 
14

 Clinical evidence of the systemic inflammatory response syndrome (SIRS) 

in adult horses was defined as the presence of at least two of the following at admission: 

heart rate > 60 bpm, respiratory rate > 40 bpm, rectal temperature >101.5 °F, leukopenia 

(<4,500 cells/µl), leukocytosis (>12,500 cells/µl), or >10% band neutrophils.
15

 Serum 

samples obtained from 18 healthy foals and 26 adult horses were included as controls. 



 110 

Serum samples obtained from all horses and foals were assayed for both flagellin and 

anti-flagellin antibodies. All collected samples were stored frozen in aliquots at -80
o
C, 

and all experimental protocols using animals were reviewed and approved by the Animal 

Care and Use Committee at the University of Georgia. 

 

Serum flagellin assay: 

 The concentration of flagellin in each of the serum sample was determined using 

an ELISA assay. Multiple concentrations of antibody dilutions were tested to optimize 

this assay prior to the study (Appendix Figure 1 and 2). Briefly, wells of 96-well 

microtiter plates were coated with 100 l of diluted mouse monoclonal FliC flagellin 

antibody (1:500) in 0.05M carbonate-bicarbonate buffer (pH 9.6) and incubated overnight 

at 4°C. After blocking wells with 0.5% BSA in PBS for 1 h at room temperature, 100 μl 

of diluted serum samples (1:10) were added to adjacent wells in a duplicate manner. 

Plates were then incubated for 2h at 37°C with gentle shaking followed by the addition of 

goat polyclonal anti-flagellin IgG (1:500) and incubated for 1.5 h at 37°C with gentle 

shaking. To detect Ag-IgG complexes, the wells were treated with 100 µl of peroxidase-

conjugated donkey anti-goat IgG (1:3000) for one hour at 37°C. After each step, unbound 

reagents in the wells were removed by repeated washing with 1% Tween-20 in PBS 

(PBST). Finally, 100 µl of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid 

(ABTS) substrate was added to each well and color development was measured at 405 

nm absorbance on an automated microplate reader after ~ 20 min. Different amounts of 

purified flagellin (obtained from Dr. A. Gewirtz) in 1% equine donor serum in PBST 

were used as to create a standard curve. 
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Serum anti-flagellin antibody assay: 

Concentrations of IgG directed against flagellin in serum samples from 

hospitalized foals and horses were measured using an ELISA assay. Purified flagellin 

was used to coat microtiter plates to capture and detect equine anti-flagellin IgG in the 

samples prepared as described above. Briefly, microtiter plates were coated with purified 

flagellin protein (100 ng/well) in 0.05M carbonate-bicarbonate buffer (pH 9.6) overnight 

at 4°C. Wells were blocked with 0.5% BSA in PBS for 1 h and 100 µl aliquots of diluted 

serum samples from control and hospitalized foals or horses were added to wells. After a 

1-hour incubation at room temperature and washing, 100 µl of HRP-conjugated goat anti-

horse IgG (1:30,000) (Serotec, Raleigh, NC) were added to the wells and allowed to 

incubate for 30 min at room temperature. After each step, unbound reagents in the wells 

were removed by repeated washing with PBST. Quantification of flagellin IgG was 

performed colorimetrically using ABTS substrate with plates read at 405 nm in an 

automated microplate reader. IgG prepared from equine donor serum by ammonium 

sulfate precipitation and spiked with polyclonal or monoclonal anti-flagellin antibody 

served as a positive control. Antigen concentration, primary and secondary antibody 

dilutions were determined prior to assays using ranges of dilutions for both assays 

(Appendix Figure 1 and 3). 
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Assay validation: 

The precision of both flagellin and anti-flagellin antibody ELISAs were 

monitored for intra- and inter-assay coefficient of variation (CV) as methods of assay 

validation. Briefly, aliquots of 1% equine donor serum spiked with purified flagellin or 

anti-flagellin Ab were run in the same plate to test reproducibility of the assays. A 

standard was pipetted on each individual plate, and the goodness of fit (R
2
) of the 

standard curve was assessed by using a 4-parameter logistic regression algorithm 

calculated with GraphPad Prism Version 5.0. Intra-assay CV (%) was calculated 

((S.D/duplicate mean) x 100). Inter-assay CV also was determined to monitor plate-to-

plate variation. To calculate inter-assay CV (%), a standard curve was used; two points 

(e.g. one high point and one low point) from standard samples were monitored in 

multiple, different plates, and the mean of means and S.D. of means were calculated to 

generate percentile CV of means. Inter-assay CV was then calculated ((average of high 

and low control CV) x 100).  

 

Statistical analysis: 

 Serum flagellin or flagellin IgG values in sick foals and horses were compared to 

each control group with unpaired t-tests. P-values ≤ 0.05 were considered to be 

statistically significant. 
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III. Results 

Study populations 

 The 57 horses admitted for GI disease represented a variety of breeds (21 Quarter 

horses, 10 Thoroughbreds, 4 Arabians, 4 pony, 3 Warm bloods, 5 Paint, 2 Paso Fino, 4 

Tennesee Walking Horses, and 1 each of four other breeds). There were 33 geldings and 

24 mares, with a mean age of 12.8 years (range 1.0 – 36.0 years). Of the 57 horses, 15 

horses had GI inflammation, 8 horses had strangulation obstruction, 27 horses had non-

strangulating obstruction, and 7 horses had colic with unknown origin. Of all 57 horses, 

28 horses underwent celiotomy, 24 horses received medical treatment, and 5 horses were 

euthanized because the treatment was declined by the owners. Of the 57 horses with 

colic, SIRS was detected in 12 (27.3 %); 8 horses fulfilled 2 criteria, 3 horses fulfilled 3 

criteria, and 1 horse fulfilled 4 criteria for SIRS as described above. The 26 healthy 

control horses comprised variety of breeds (18 quarter horses, 4 mixed breed, 3 

thoroughbreds, and 1 warm blood), 18 mares, 5 geldings, and 3 stallions with a mean age 

of 10.0 years (range 2.0 – 18.0 years). The 38 hospitalized neonatal foals with a mean age 

of 2.5 days (range 1 – 13 days) met criteria for sepsis; 15 foals had positive blood culture 

and 13 foals had sepsis score ≥ 11 at admission. 18 clinically healthy Quarter Horse foals 

from the equine breeding facility of University of Georgia were included as a control 

group. Serum samples from 18 mares of healthy foals were obtained to monitor passive 

immunoglobulin transfer. Also, two mare and foal pairs were obtained to compare 

immunoglobulin levels in the mother and young before and after ingestion of colostrum.  
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Assay validation 

 Serial dilution of flagellin and mouse anti-FliC Ab in the range of 0 to 300 ng/ml 

and 0 to 1.67 µg, respectively, were used to generate the standard curve. The linearity of 

both flagellin and anti-flagellin antibody assays were evaluated by analysis of five 

calibration standards prepared above using a second order polynomial curve fit to 

measure the response [optical density (OD)] versus log transformed concentration of 

either flagellin or mouse anti-FliC Ab, respectively (Fig. 5. 1). 10 % serum dilution was 

optimized for both assays (Appendix Fig. 1). The precision and accuracy of assays were 

determined by intra- and inter-assay CV (%) of two concentrations of the calibration 

(Table 5. 1).  

 

Detection of flagellin in serum of horses 

 Flagellin was detected in 28 of 57 (49 %) serum samples obtained from adult 

horses admitted with a variety of GI diseases and 12 of 26 (46 %) clinically healthy adult 

horses (Figure 5. 2). In horses with GI disease, the mean flagellin concentration (163.7 ± 

50.8 ng/ml) was higher than that in the healthy horses (33.8 ± 17.9 ng/ml). Consequently, 

21 of 57 (37.8 %) horses with GI disease had increased levels of flagellin in their 

circulation when compared to the healthy control horses. When compared as a group, the 

mean flagellin concentration in horses diagnosed with strangulation such as large colon 

volvulus and small intestinal strangulating obstruction was significantly higher than that 

of healthy control group (Table 5. 2). However, there was no significant difference 

between values for medical and surgical colic cases, and survivors and non-survivors 

(Table 5. 2). Similarly, flagellin was detected in serum of 17 of 28 (68 %) septic foals, 2 

Fig. 2 
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of 10 (20 %) non-septic foals, and 4 of 18 (22 %) healthy foals. The mean flagellin 

concentration of hospitalized foals (139.9 ± 45.9) was significantly higher than that in 

healthy foals (13.3 ± 6.1).  When compared as a group, the mean flagellin concentrations 

in septic foals were significantly higher than that of healthy foals. Similarly, there was a 

significant difference between survivors and non-survivors (Table 5. 3).  

 

Detection of serum flagellin-specific immunoglobulin in horses 

 Serum samples obtained from two healthy mare and foal pairs were used to 

evaluate anti-flagellin IgG levels in the mother and young (Fig. 5. 3A). In these two foals, 

there was a sharp increase in the level of anti-flagellin IgG after colostrum ingestion that 

was comparable to that of the mare. Serum samples obtained from healthy newborn foals 

at various times after ingestion of colostrum allowed identification of anti-flagellin IgG 

concentrations that were maintained for 30 days (Fig. 5. 3B). In contrast, anti-flagellin 

IgG concentrations were significantly lower in samples obtained from septic foals (mean 

age of 2 days) hospitalized at the UGA Teaching Hospital when compared to samples 

collected from clinically healthy foals (mean age of 1.25 day; Fig. 5. 4). Adult horses 

admitted to the UGA Teaching Hospital for various GI diseases had serum flagellin IgG 

levels similar to those of clinically healthy horses (Fig. 5. 4). However, flagellin IgG 

levels were increased in samples obtained after 10 to 14 days of hospitalization in horses 

treated for GI diseases (Fig. 5. 5).  
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IV. Discussion 

It is generally accepted that LPS released from Gram-negative bacteria is an important 

trigger of the inflammatory response that characterizes patients with sepsis. This 

conclusion is based on substantial evidence that parenteral administration of LPS 

produces a sepsis-like syndrome in animals and humans,
16-18

 that LPS can be measured in 

the circulation of patients with many diseases including Gram-negative infection,
19

 and 

that LPS induces pro-inflammatory responses in cultured cells in vitro.
20

 However, LPS 

is not always detected in the circulation of many ill equine patients, and intervention 

strategies specifically directed to prevent biological effects of LPS, such as hyperimmune 

anti-LPS sera and polymyxin B, do not always yield profound positive effects. The 

results of recent experimental and clinical studies indicate that PAMPs other than LPS, 

such as flagellin, peptidoglycan, and CpG nucleotides, may be important in many species 

including horses.
21

 Furthermore, the ability of these PAMPs to induce pro-inflammatory 

responses mediated by activation of their corresponding TLRs is well documented in both 

in vivo and in vitro studies. In addition, the shedding of soluble PAMPs including 

lipopeptide and flagellin have been detected in culture supernatants from both Gram-

negative and Gram-positive bacteria.
22

 Therefore, bacterial components other than LPS 

may be important for the development of SIRS and consequently responsible for the lack 

of clinical efficacy of treatments specifically directed against LPS.  

For the first time, we report that flagellin is detectable in the blood of horses with GI 

disease and septic foals. Our results provide additional evidence for the loss of normal 

intestinal mucosal barrier function in equine GI diseases, allowing the translocation of 

enteric bacterial components other than LPS into the general circulation.
3,23

 However, the 
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detection of low concentrations of flagellin in serum samples obtained from clinically 

healthy horses in our current study may reflect the fact that small amounts of bacterial 

translocation occurs in healthy animals. It is feasible that this small exposure to bacterial 

components may contribute to the development of protective mechanisms by allowing 

the immune system constant contact with external antigens.
24

  

Of many bacterial components, flagellin might have the unique potential to contribute to 

the development of SIRS in many conditions including equine GI diseases. For example, 

TLR5, a pattern recognition receptor for flagellin, has limited expression on the 

basolateral surface of gut epithelium.
25

 This polarization is unique as it allows only 

invading or translocating microbes, but not commensal bacteria that are contained to the 

intestinal lumen, to induce inflammatory responses. Further, the importance of flagellin is 

also highlighted by the presence of its cytosolic receptor, Ipaf. When flagellin enters the 

host cell via the type-3 secretion (T3SS) system that transports bacterial products into 

host cells, it is recognized by Ipaf. As a result of its recognition, Ipaf signaling activates 

caspase-1 that contributes to the maturation of pro-inflammatory cytokines. Therefore, 

the combination of TLR5 and Ipaf activation results in a more robust response to 

invading pathogens expressing virulent factors that might permit evasion of basic 

immune mechanisms.  

In the final component of the current study, we detected an enhanced adaptive 

immune response to flagellin in horses during hospitalization for treatment of GI 

diseases. We hypothesize that the translocation of flagellin stimulates adaptive immunity 

that is reflected by increased IgG levels in those horses. Increased adaptive immune 

response to PAMPs is also reported in human patients with Crohn’s disease and short 
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bowel syndrome that are characterized by loss of intestinal barrier function.
7,8

 The results 

of the current study indicate that healthy adult horses have substantial levels of anti-

flagellin IgG. The latter finding may reflect the translocation of small amounts of 

PAMPs, such as flagellin, and/or bacteria and their detection by the gut-associated 

immune system. The healthy neonatal foals in the current study that received colostrum 

had substantial levels of anti-flagellin IgG in their circulation, which was maintained for 

a month. Although foals have the ability to produce IgG as early as 16 days of age in 

response to appropriate antigenic stimulation, protective humoral immunity is not 

reached until they are approximately 2 months old.
26

 Even though the phagocytic ability 

of neutrophils in newborn foals is comparable to that of adult horses, opsonization does 

not reach adult levels until 3-4 weeks of age.
27

 Therefore, transfer of colostoral IgG 

within the first 24 hours of life is critical for newborn foals, as documented in 

independent studies.
10,11

 For example, IgG and IgA were detected in sera and 

nasopharyngeal mucosa of foals after ingestion of colostrum.
28

 Similarily, IgG directed 

against various parts of Actinobacillus equuli were detected in mares and their newborn 

foals, and they persisted approximately 30 days in the foals.
29

 Consequently, the anti-

flagellin IgG detected in the serum samples from the healthy foals in the current study 

most likely represents colostral transference from their mares. Also, in human infants, 

breast-feeding reduces the incidence of severe diarrhea caused by various enteric 

infectious agents including E. coli.
30

 In contrast, the septic foals in the current study had 

markedly lower levels of anti-flagellin IgG, and 10 of the 30 septic foals had low 

amounts of total IgG (< 200) at admission. These findings can be explained by either the 
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lack of absorption of anti-flagellin antibody from the mare’s colostrum or consumption of 

antibody as a result of interaction with circulating flagellin.  

In summary, we report that horses with GI disease and septic foals can be exposed 

to increased systemic levels of bacterial flagellin similar to what occurs with LPS, 

probably due to intestinal barrier dysfunction. Furthermore, adaptive immune response to 

flagellin was detected in horses with GI disease that was reflected by increased level of 

antibody directed to flagellin during hospitalization. Given the robust proinflammatory 

response of equine neutrophils to flagellin, translocation of this PAMP may contribute to 

the pathogenesis of SIRS in horses and neonatal foals. 
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Figure 5. 1. Representative standard curves from enzyme-linked immunosorbent assay (ELISA) for flagellin (A) and flagellin 

antibody (B) calculated with a second order polynomial curve fit: Y = Y=A+ B*X + C*X^2 where A=0.2838, B=0.01055, C=0.1927 

(R
2
=0.90) and A=01955, B=-0.07331, C=0.1466 (R

2
=0.93) respectively. X axis shows a standard concentration ranging from 0 to 300 

ng/ml and 0 to 1.67 µg/ml for flagellin and anti-flagellin Ab assays respectively. Y axis shows the optical density (OD) measured at 

450 nm. The Y axis displays the absorbance at a wavelength of 405 nm. 
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Table 5. 1. Intra- and inter-assay precision for flagellin and anti-flagellin Ab assays 

 

 Statistics 

Flagellin ELISA Anti-flagellin Ab ELISA 

Flagellin (ng/ml) Mouse anti-FliC Ab (ng/ml) 

30 300 167 1,670 

Intra-assay 

Mean 36.36 252.20 71.21 2,233.07 

S.D. 4.74 28.17 21.25 106.05 

CV (%) 13.03 11.17 29.84 4.75 

Recovery (%) 121.19 84.06 42.74 133.72 

Inter-assay 

Mean 35.61 278.97 111.67 1,549.91 

S.D. 5.97 24.47 16.56 25.72 

CV (%) 16.74 8.77 14.82 1.66 

Recovery (%) 118.73 93.00 66.87 92.81 

 

Intra-assay variability is shown with five replicates of test samples containing low (30 

ng/ml) and high (300 ng/ml) concentrations of flagellin on a single plate. Inter-assay variability 

is shown with test samples containing low (30 ng/ml) and high (300 ng/ml) concentrations of 

flagellin on five different plates. Average calculated concentrations and percentage of coefficient 

of variation (CV) are shown for each concentration. CV values of < 15% were accepted for intra- 

and inter-assays. The goodness of fit (R
2
) of the standard curve was assessed as described iin the 

manuscript. Recovery (%) represents the difference between detected and theoretical 

concentration. 
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Figure 5. 2. Flagellin concentration from serum samples of horses and foals determined 

by an ELISA 

Serum flagellin concentrations in healthy (control) horses (n = 24, □), horses with GI 

disease (n = 57 ■), healthy (control) foals (n = 18, ○), and hospitalized foals (n = 38, ●

). The horizontal lines represent the mean concentration for each group. Samples with 

undetectable level of flagellin in our assay were assigned to 0 for statistical analysis.  
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Table 5. 2. Association of disease types and clinical outcomes to serum flagellin 

concentrations in hospitalized horses. 

Variables  N Mean ± SEM P value 

Disease 

category 

Inflammation 15 199.2 ± 115.9 0.077 

Obstruction 27 145.6 ± 71.1 0.143 

Strangulation 8 259.2 ± 170.3 0.027 

Non-identified colic 7 48.5 ± 32.7 0.723 

Correction Medical 32 162.6 ± 73.9 
0.934 

Surgical 21 153.2 ± 80.5 

Survival Survivor 42 129.3 ± 48.9 
0.260 

Non-survivor 15 260.0 ± 136.6 

 

 

 

 

Table 5. 3. Association of disease types and clinical outcome to serum flagellin 

concentrations in hospitalized foals. 

Variables  N Mean ± SEM P value 

Disease 

category 

Positive blood 

culture 

15 263.3 ± 92.8 0.012 

Sepsis score ≥ 11 13 104.9 ± 47.8 0.037 

Non-septic 10 0.3 ± 0.2 0.116 

Survival Survivor 28 76.9 ± 28.1 
0.046 

Non-survivor 10 344.4 ± 141.4 
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Figure 5.3. Anti-flagellin immunoglobulin levels in serum of foals determined by an ELISA 

(A) A sharp increase in anti-flagellin IgG concentrations were detected in serum samples obtained from a small number (n = 2) of 

healthy newborn foals immediately before suckling (▽) and after ingestion of colostrum (day 1, △). Anti-flagellin IgG was also 

detected in samples obtained from the mares of these foals (□). (B) Anti-flagellin IgG concentrations in 13 healthy neonatal foals in 

serum samples from 1-2 day old to 30 days. 

0.0

0.5

1.0

1.5
O

D
 v

a
lu

e
 (
4
0
5
 n

m
)

(A)



 125 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. 4. Detection of flagellin antibody in horses and foals by an ELISA 

Serum anti-flagellin immunoglobulin concentrations in healthy (control) horses (n = 24, 

□), horses with GI disease (n = 57, ■), hospitalized foals (n = 38, ●), and healthy 

(control) foals (n = 18, ○). The horizontal lines represent the mean concentration for 

each group. Samples with undetectable level of flagellin in our assay were assigned to 0 

for statistical analysis.  
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Figure 5. 5. Change of flagellin antibody in horses during hospitalization 

Change in serum anti-flagellin immunoglobulin concentrations in horses with GI disease 

during the hospitalization (n = 10).  
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CHAPTER VI 

 

CONCLUSION 

 

The main objectives of the studies comprising this dissertation were: (1) to 

determine the effects of stimulation of equine monocytes with microbial ligands or TNF-

 on the regulation of TLR 2, TLR 3, and TLR 4 by monitoring the expression of genes 

for these TLRs; (2) to characterize the responses of equine leukocytes to bacterial 

flagellin and expression patterns of TLR5 on different leukocyte populations; (3) to 

determine circulating concentrations of flagellin in equine colic patients and septic foals, 

and (4) to investigate adaptive immune responses directed against flagellin in 

hospitalized horses. 

Infectious and inflammatory diseases are major equine health problems in which 

systemic inflammatory responses to microbial molecules contribute to disease 

pathogenesis and the development of life-threatening complications such as sepsis. TLRs 

are germ-line encoded pathogen recognition receptors (PRR) expressed by various cells, 

including leukocytes, that recognize pathogen-associated molecular patterns (PAMPs). 

Recognition of PAMPs by TLRs leads to stimulation of intracellular signaling pathways 

that involve adaptor proteins such as MyD88 and TRIF. Recruitment of adaptor proteins 
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triggers distinct cascade of events in the signaling pathways that ultimately results in 

activation of transcription factors such as NFB and IRF-3. Genes that encode various 

inflammatory cytokines, type I IFN, and chemokines are the targets of these transcription 

factors, and these products are key molecules that initiate immediate immune responses 

and ultimately shape adaptive immunity. In naturally occurring infections, multiple PRRs 

are likely to be activated during the initiation of the host response to infection. Recently, 

it has become apparent that PRR signaling is regulated in a complex manner as a result of 

cross-talk among intracellular signaling cascades. The results of the first study in this 

dissertation indicate that activation of equine monocytes by TLR 2 and TLR 4 ligands 

increases the expression of genes for these two TLRs, but not for TLR 3. Conversely, 

cellular activation via TLR 3 selectively causes induction of the TLR 3 gene. These 

differences in receptor gene profile expression segregate with the different adaptor 

proteins utilized by TLR 2 and TLR 4 (MyD88) and TLR 3 (TRIF). This pattern of TLR 

expression may represent an energetically economical strategy for the cells, as TLR 2 and 

TLR 4 recognize bacterial components while TLR 3 senses viral double-stranded RNA.  

In the second study in this dissertation, we investigated the effect of bacterial 

flagellin on equine monocytes and neutrophils in vitro. In many equine gastrointestinal 

diseases, there is evidence that the normal intestinal mucosal barrier function is lost, 

allowing the translocation of bacterial PAMPs from the intestinal lumen into the general 

circulation, where they activate the innate immune system to generate pro-inflammatory 

mediators. Although LPS clearly is responsible for some of the alterations that occur in 

affected animals, it is equally likely that other bacterial components enter the circulation. 

Flagellin is a motor unit of bacteria, which is also important in bacterial adherence to 
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epithelial cells and invasion to the host tissue. Flagellin has a highly conserved structure 

among different bacterial species and it activates the immune/inflammatory axis via 

TLR5 on the cell surface. Because TLR5 recognizes a highly conserved region of 

flagellin, this receptor detects a wide variety of microbes, including both Gram-negative 

and Gram-positive flagellated bacteria. The molecular mechanisms by which TLR 5 

signals are similar to that used by other TLRs, as ligation with flagellin forms a TLR 5 

homodimer or heterodimer which then activates the MyD88/IRAKs/TRAF6/NF-B and 

MAPK intracellular signaling pathways to transcriptionally regulate pro-inflammatory 

genes. There is considerable evidence for the clinical importance of flagellin in the 

pathogenesis of various diseases, including Crohn’s disease and local infectious disease 

of the eyes and lungs. Therefore, a more complete understanding of flagellin-induced 

stimulation of the TLR 5 pathway in equine leukocytes was undertaken. The results 

obtained in this study revealed that even high concentrations of flagellin (~3 g/ml)  

failed to induce equine monocytes to produce TNF- production, while the same cell 

type from the same horses responded robustly to LPS. Similarly, flagellin had no 

stimulatory effect on equine peritoneal and alveolar macrophages. In contrast, flagellin 

stimulated equine neutrophils to produce reactive oxygen species with an EC50 of 20 

ng/ml. This response was absent when flagellin was pre-treated with pronase, but not 

altered by co-incubation with polymyxin B. Neutrophils had a strong signal for surface 

expression of TLR 5 by flow cytometry, whereas no signal was detected for monocytes. 

Both cell types expressed TLR 4 and TLR 5 mRNA, but in different abundancies, and 

TLR5 mRNA from both cells was translated into protein in cell-free translation assays. 

Additionally, flagellin and LPS induced similar levels of expression of TNF-, COX-2 
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and IL-10 mRNA in neutrophils, but not in monocytes. Finally, incubation with neither 

LPS nor IFN- altered TLR5 expression by the monocytes. The pronounced differences 

in the responses of monocytes and neutrophils to flagellin identified in this study appears 

to be unique to the horse, as mononuclear phagocytes and neutrophils from other species 

both respond strongly to flagellin. The apparent lack of surface expression of TLR 5 on 

equine monocytes explains such hypo-responsiveness. This may be due to a block in TLR 

5 mRNA translation or to rapid turnover of the small amount of TLR 5 protein 

synthesized by these cells.  Results from this study provide additional evidence that 

innate immune responses can be species-specific and that it is difficult to extrapolate data 

obtained in one species to another.  

To substantiate a role for flagellin in the pathogenesis of equine inflammatory 

diseases, we further investigated the concentrations of flagellin in serum samples from 

adult horses with GI diseases and septic foals to test the hypothesis that flagellin enters 

the circulation of sick foals and horses. In addition, we determined whether adult horses 

responded to the presence of flagellin in the circulation by producing IgG directed against 

it, and whether changes occur in serum concentrations of colostrum-derived flagellin 

IgGs in septic newborn foals were associated with the presence of flagellin. In the first 

part of this study, we validated both flagellin and flagellin antibody ELISA assays by 

using antibodies against flagellin tested for specific recognition of flagellin by dot blot 

assay using highly purified flagellin. Standard curves and confirmation of the linear 

relationship between absorbance and concentrations of either flagellin or anti-flagellin 

antibody were made by adding known amounts of flagellin or anti-flagellin antibody to 1% 

equine donor serum. Reproducible standard curves were obtained for both flagellin and 
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anti-flagellin antibody. Serum samples obtained from adult horses admitted to the UGA 

Teaching Hospital with a variety of GI diseases had increased concentrations of flagellin 

when compared to samples obtained from clinically healthy horses. Similarly, higher 

concentrations of flagellin were detected in serum samples obtained from septic foals 

when compared to values for samples from healthy foals. Furthermore, serum 

concentrations of anti-flagellin antibodies increased over the period of hospitalization in 

some adult horses being treated for GI diseases in the UGA Teaching Hospital, providing 

evidence that flagellin enters the circulation during such diseases and initiates an immune 

response. While serum samples obtained from healthy newborn foals after ingestion of 

colostrum allowed identification of a sharp increase in anti-flagellin IgG concentrations 

that were maintained for 30 days, anti-flagellin IgG concentrations were significantly 

lower in samples obtained from septic foals hospitalized at the UGA Teaching Hospital 

when compared to samples from clinically healthy foals. The latter findings are 

consistent with either the lack of absorption of anti-flagellin antibody from the mare’s 

colostrum or absorption of antibody to circulating flagellin. Taken together, increased 

circulating concentrations of flagellin in horses with intestinal diseases and septic foals 

suggest that bacterial components other than LPS may be responsible for the 

development of the systemic inflammatory response syndrome in sick horses with GI 

diseases and in septic foals. 

 In conclusion, the studies conducted for this dissertation project have 

demonstrated that the horse is in possession of a unique pattern of inflammatory 

regulation.  First, the horse utilizes an essentially monomorphic MyD88 based response 

to TLR 4 in contrast with the MyD88 and TRIF bifurcated pattern observed for mice, 

Fig. 2 
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human and bovine responses.  Other classical responses to microbial cell wall products 

and double stranded RNA are similar to those seen in other mammals.  Second, the 

response to flagellin in horses is strong and robust in neutrophils, but lacking in cells of 

monocyte origin.  This is in stark contrast with the pattern of flagellin response in other 

mammals.  While both neutrophils and monocyte derived cells express TLR 5 mRNA, 

only neutrophils produce surface receptor and show dose dependent flagellin responses.  

I believe our findings from the studies described in this dissertation improve our 

understanding of how different types of leukocytes are involved in immune responses to 

diseases that interfere with intestinal barrier function and in bacterial infections. 

Furthermore, these findings suggest that the responses of horses to bacteria are different 

from those of other species and that treatment of diseases involving bacteria and/or their 

components should be approached in a species-specific fashion. Finally, the findings 

from these studies shed new light on the responses of horses to bacterial components 

other than LPS that may enter the circulation during gastrointestinal diseases, and provide 

the basis for the development of compounds other than hyperimmune anti-LPS sera and 

polymyxin B for use in affected horses. 

 

 

 

 

 



 137 

 

 

APPENDIX 

 

1. Assay validation of flagellin and anti-flagellin antibody ELISA 

1) Optimal antibody dilutions for flagellin and anti-flagellin Ab assays 

Optimal antigen/antibody coating dilutions were determined using serial dilutions 

of flagellin or mouse anti-FliC Ab for anti-flagellin Ab and flagellin ELISA assays, 

respectively.  For example, wells of 96-well microtiter plate were  coated with serially 

diluted mouse monoclonal anti-FliC Ab (1:500, 1:1,000, 1:2,000) in 0.05 M carbonate-

bicarbonate buffer (pH 9.6) and incubated overnight at 4°C.  After blocking wells with 

0.5% BSA in PBS for 1 h at room temperature, 100 μl of spiked flagellin samples in 

PBST and 10% EDS ranging from 0 to 300 ng were added to wells in a duplicate manner. 

The plate was incubated for 2h at 37°C followed by the addition of serially diluted goat 

polyclonal anti-flagellin IgG (1:500, 1:1,000, 1:3,000) and incubated for 1.5 h at 37°C 

(Fig. 1). To detect Ag-IgG complexes, the wells were treated with 100 µl of peroxidase-

conjugated donkey anti-goat IgG (1:3000). After each step, unbound reagents in the wells 

were removed by repeated washing with 1% Tween-20 in PBS (PBST). Finally, 100 µl of 

substrate were added to each well and color development was measured at 405 nm 

absorbance on an automated microplate reader after ~ 20 min.  
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This protocol was adopted from Criss-Cross serial dilution analysis from the 

Current Protocols in Molecular Biology, 11.2.16. We have determined monoclonal FliC 

Ab at 1:500 and goat polyclonal anti-flagellin IgG at 1:500 are optimal for our in-house 

flagellin assay (Fig. 2). For flagellin Ab ELISA, wells of 96-well microtiter plate were 

coated with 100 ng flagellin / well based on personal communication with Mr. Moore 

from Dr. Gewirtz laboratory. Similar to flagellin assay, serial dilutions of HRP-

conjugated goat anti-horse IgG were tested and 1:30,000 dilution was determined to be 

optimal for our in-house flagellin Ab assay (data not shown).  

 

 

 

 

Figure 1. Criss-cross serial dilution analysis for optimal antibody dilution determination  
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Figure 2. Serial dilution analysis of optimal antibody dilutions for a flagellin ELISA 

assay. 
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2) Optimal antibody dilutions for flagellin and anti-flagellin Ab assays 

Optimal sample dilution was determined by different dilutions of EDS spiked 

with known concentrations of flagellin or anti-FliC Ab. For example, a range (1:100 ~ 

10,000) of mouse anti-FliC Ab was spiked in PBST, EDS, or EDS diluted with PBST at 

1% and 10%. A flagellin Ab ELISA was run using these samples. Anti-FliC Abs spiked 

in either 1% or 10% EDS showed linear relationship (r
2 

≥ 0.9) (Fig. 2). Similar 

experiment was done for flagellin ELISA assay using flagellin spiked EDS (Fig. 3). 

Later, 10% serum sample dilution was used for both flagellin and flagellin Ab assays. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Optimal sample dilution validation for flagellin Ab assay. 
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Figure 4. Optimal sample dilution validation for flagellin assay. 

 

Initially, we also isolated IgGs from each serum sample to minimize non-specific 

binding to other serum proteins. Briefly, 200 µl of serum samples were mixed with an 

equal volume of saturated ammonium sulfate and incubated for 10 min at 4°C. 

Precipitated IgGs were collected by centrifugation at 20,000 x g for 10 min at 4°C. The 

antibody pellets were dissolved in 400 µl PBS and concentrated through Amicon PM-30 

centrifugal concentrators to remove the ammonium sulfate. The IgGs were re-constituted 

with PBS to the original volume of serum used, and stored frozen at -80
o
C. However, 

there was no difference between using diluted serum or isolated IgG samples (data not 

shown). Therefore, we used intact serum samples for flagellin Ab assays.  
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