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Ostertagia ostertagi is a widespread parasite that causes significant production losses 

in the cattle industry. Recently discovered neutrophil extracellular traps (NETs) have 

been demonstrated as important effector mechanisms of neutrophils against various 

pathogens including parasitic worms. Exposure of neutrophils to O. ostertagi extract 

resulted in a significant release of extracellular DNA and co-localization of NET 

associated proteins histone and neutrophil elastase confirmed these structures of DNA 

as NETs. In response to both live and heat-killed O. ostertagi larvae, there was a 

similarly strong release of NETs. O. ostertagi induced NETs were significantly 

diminished by inhibition of enzymes NADPH oxidase, neutrophil elastase, and 

myeloperoxidase. Interestingly, NETs were also released in response to non-

pathogenic nematode C. elegans indicating a potential conserved response to 



  

nematodes. Mouse neutrophils demonstrated a similar NET response to O. ostertagi 

however there was no response to C. elegans. Surprisingly, these NET responses did 

not appear to be dependent on production of reactive oxygen species (ROS) as has been 

previously reported. This is the first report indicating O. ostertagi-induced NET 

formation and indicates a potential role for NETs in the response against O. ostertagi 

infection. 
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Chapter 1: Introduction 

Significance 

Despite continued efforts to develop effective vaccines against the parasite O. 

ostertagi, there currently exists no commercially available vaccine against this parasite 

(1). Infection with O. ostertagi causes significant production losses in the beef industry 

and is of particular concern for the organic beef market where anti-helminthic use is 

prohibited (2, 3). Cattle infected with the parasite O. ostertagi are not able to efficiently 

clear the parasite and develop an impaired protective immunity, resulting in repeated 

or chronic infections, even though there is evidence of immune cell infiltration into the 

local environment (4). This suggests the parasite may be influencing the local 

inflammatory environment to prevent or avoid clearance. Neutrophils, one of the 

immune systems first-responders, circulate throughout the body in large numbers and 

possess a surprisingly complex immunological repertoire (5). Interactions between O. 

ostertagi and immune cells, particularly innate immune cells such as neutrophils, is not 

well known. While neutrophils possess many different functions, the recently 

discovered mechanism for the release of neutrophil extracellular traps (NETs) has been 

demonstrated to be an important effector mechanism of neutrophils against a wide array 

of pathogens including parasites and worms (6).  

With each new discovery, the mechanisms of NET formation and their role in 

inflammation is becoming increasingly complex (7). Multiple mechanisms for NET 
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formation have been proposed, however the mechanism of NET formation in response 

to extracellular pathogens, particularly worms, is largely unknown. Additionally, once 

released, NETs can contribute to not only immunological defense, but can play roles in 

resolution of inflammation as well (6, 8). If O. ostertagi does induce NET release, this 

would not only contribute another parasite to the growing list of infections NETs are 

involved in, but also advance our understanding of the role neutrophils play in O. 

ostertagi infection, potentially highlighting targets or strategies for the development of 

vaccines or possible treatments against this disease. While NETs have demonstrated 

the capacity to successfully capture other extracellular parasites, no report currently 

exists on the ability of O. ostertagia to induce NETs (9). Therefore, the objective of 

my research is to determine whether O. ostertagia is capable of inducing NETs and the 

potential mechanisms involved in this response. 

O. ostertagia 

Ostertagia ostertagi (O. ostertagi), also known as the brown stomach worm is 

a gastrointestinal nematode parasite in cattle and is considered one of the most 

economically significant in the industry (10). Once ingested by the bovine host, 

Ostertagia larvae invade the glands of the abomasum, causing cellular hyperplasia and 

infiltration by local immune cells (11). Despite the infiltration and accumulation of 

immune cells, there is no immunological control of Ostertagia infection, causing 

significant production loss. This is exacerbated by the lack of protective immunological 

memory formation, meaning cattle can be repeatedly infected, increasing pathology 
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and conversely production losses. Parasitic infection by O. ostertagi is of importance 

in grass-fed cattle. Exposure to the parasite is much more difficult to control in a grass-

fed setting, where they can readily encounter the parasite, as opposed to cattle which 

are fed by feedlot. Grass-fed beef, which can include both organic and non-organic 

products, is a market undergoing massive growth, as consumers seek healthier or more 

“natural” meat products. Grass-fed beef will comprise 30 percent to 40 percent of the 

total beef market sector within the next 10 years (12), with demand for grass-fed beef 

growing at an annual rate of 25-30 percent for the past decade (13). As the market 

grows, O. ostertagi will only continue to cost producers more, thus a better 

understanding of the mechanisms of infection and the bovine immune response is 

crucial. The life cycle of O. ostertagi has been well-defined, beginning with the 

ingestion of the infective third stage larvae (L3s). These larvae then exsheath in the 

rumen, travel to the abomasum, and invade abomasal gastric glands. A prepatent period 

of ~3 weeks (14) involves multiple molting’s until it reaches its adult stage and leaves 

the abomasal glands. This is followed by mating and the laying of eggs by the adult 

worms, which are shed by its host into the environment. In ~2 weeks, the worms hatch 

and develop to the infective L3 stage, which can survive for extended periods of time 

waiting for it to be ingested by a new host (10). During infection, progressive weight 

loss, anorexia, diarrhea, hypoproteinemia, and edema under the lower jaw are possible 

pathologies (15). Hyperplasia and thickening of the mucosa in the affected tissues leads 

to lesions, which are slightly raised, pale-colored, circular nodules of 2-3 mm in 

diameter. In chronic infections, the entire abomasal mucosa can become hyperplasic 
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and bleeding. Treatment for parasites such as Ostertagia are limited to anthelmintics. 

However there is a concern for anthelmintic drug resistance in cattle parasites, which 

is amplified by the overuse and misuse of drugs in the cattle industry (15). Additionally, 

the use of such products is prohibited in organic farming, limiting the options available 

to farmers and producers.  

While there have been attempts at developing a vaccine, their efficacy has been 

limited and none has reached the market (16). Clearly, the interactions between parasite 

and host immunology need to be further understood for better treatments and more 

effective vaccines to be developed, as the burden of GI parasites such as O. ostertagi 

will only grow larger. Parasites have evolved to evade or influence host immune 

responses to their benefit, and  most of these mechanisms are not well understood (17). 

In Ostertagia specifically, immunosuppression has been observed when worm extract 

was co-cultured with antigen-specific lymphocytes (18). However, there has been little 

attention paid to the role that innate immune cells, such as neutrophils, a crucial first-

responder, play in Ostertagia infection. Neutrophils produce and release a variety of 

chemokines and cytokines which can influence the local immune response, and as they 

are present in such large numbers early in infection, they may play a large role in the 

establishment of infection (10). 

Neutrophil Biology 

Neutrophils, also known as polymorphonuclear leukocytes, are one of the most 

abundant white blood cells found in mammals and provide a first line of defense against 
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pathogens and injury. They are produced in significant quantities. In humans in 

particular, an estimated 1011 neutrophils are produced and released into the circulation 

daily (19). Neutrophils have been highlighted to have roles in various inflammatory 

conditions such as atherosclerosis, cancer, autoimmunity, and many others (10, 11, 14–

16, 20). Neutrophils are normally considered to be short-lived effector cells with 

circulating lifespans of about 8 hours in humans (13, 17) and 1.5 hours to 8 hours in 

mice (18, 21). Neutrophils complete their maturation process in the bone marrow (22) 

with a large reservoir of mature neutrophils remaining in the bone marrow to replace 

peripheral neutrophils or supplement them at times of increased demand such as during 

infection or inflammation (23). Once released into the peripheral blood, neutrophils are 

transcriptionally silent. No major change in gene expression is associated with the 

release of neutrophils from the bone marrow to the circulation. However, major 

transcriptional changes occur once neutrophils migrate into tissues (24). Gene 

expression profiling of neutrophils has been conducted in multiple studies comparing 

disease states ex-vivo (25–28), as well as in-vitro following stimulation with agents 

such as bacteria, LPS, and by phagocytosis of IgG- and complement-coated latex beads 

(26, 28–33). It has been recognized that there are differences among different stimuli 

in vitro (28, 31), as well as differences between in-vitro and in-vivo stimulation (26). 

This suggests that neutrophils generate distinct transcriptional responses depending on 

the type of stimuli, likely with multiple, and not individual, signaling pathways 

contributing to the transcriptional response of neutrophils. Neutrophils can produce and 

release a variety of chemokines and cytokines, influencing the local inflammatory 



 

 

6 

 

environment. The earliest neutrophil cytokine signal released is to recruit more 

neutrophils, with large amounts of IL-8 being released (34). Neutrophils can also 

produce IL-1β and TNF-α which induce other cells to produce neutrophil attracting 

chemokines (35, 36). 

Neutrophil Killing 

Neutrophils main immunological function is to kill or impede microbial threats. 

One of the main mechanisms by which neutrophils kill is by producing a wide array of 

proteins that can directly kill or impair pathogens, and the majority of these are stored 

in granules. Neutrophil granules can be classified into three distinct subsets based on 

the presence of certain granule proteins. Primary or azurophilic granules  

(myeloperoxidase), secondary granules  (lactoferrin), and tertiary granules  (gelatinase) 

(24, 37). Azurophilic granules  contain MPO (myeloperoxidase), but can also carry 

defensins, lysozyme, bactericidal/permeability-increasing protein  (BPI), and a number 

of serine proteases: neutrophil elastase (NE), proteinase 3 (PR3), and cathepsin G  (CG) 

(37–39). The second class of granules, the secondary granules, are smaller, do not 

contain MPO, and are characterized by the presence of the glycoprotein lactoferrin.  

They also contain a wide range of antimicrobial compounds including NGAL, hCAP-

18, and lysozyme (39). The third class, the tertiary granules, also MPO-negative, are 

smaller than secondary granules, and contain few antimicrobials, but they serve as a 

storage location for several metalloproteases, such as gelatinase and leukolysin. There 

are three categories of antimicrobials found within neutrophils: proteins that bind to 
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microbial membranes (cationic proteins), proteins that prevent access to essential 

nutrients, and enzymes (5). These proteins are normally stored in the aforementioned 

granules so far hundreds of antimicrobial peptides have been described (40). However, 

before a neutrophil can release its various anti-microbial weapons, it must reach its 

target and be activated. Once the neutrophil has left circulation and crossed the 

endothelium, various chemoattractant and inflammatory stimulants, both host and 

pathogen-derived, will predominantly dictate their behavior (41). These 

chemoattractant will bind their respective receptors including pattern recognition 

receptors such as Toll-like receptors (TLRs), continuing the neutrophils activation. In 

neutrophils, all but TLR3 are expressed, and their stimulation contributes to further 

activation (42, 43). However, the signals and inputs neutrophils receive during 

activation are complex and the exact effects of these signals are incompletely 

understood. 

Neutrophil Heterogeneity 

The concept of neutrophil heterogeneity has existed for some time, but has 

recently become the subject of much interest, with growing evidence of neutrophil 

populations with distinct functions under both homeostatic and pathological conditions. 

Multiple strategies have been used to identify distinct neutrophil populations, including 

distinct cell surface markers, cell maturity status, immunological functions, and tissue 

residency. Subsets of circulating human neutrophils have been linked with 

autoimmunity based on expression of CD177 and OLFM4 (44, 45). Aged neutrophils 
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and neutrophils that have undergone reverse transmigration also display changes in 

their cell surface markers (46, 47). Novel neutrophil populations have recently been 

identified during various conditions such as infection (48–51), autoimmunity (52), 

cancer (53, 54), cardiovascular disease (55, 56), and pregnancy (57). However, it is still 

not understood whether these examples are distinct neutrophil subsets that are derived 

from separate lineages or are simply different activation or polarization states of a 

common neutrophil. This has been particularly relevant in the cancer field. 

Contradictory roles for neutrophils in this disease setting have been established, with a 

large number of studies identifying pro-tumoral functions (42, 43, 58–60) while others 

demonstrate anti-tumor properties (61–65). These populations have been termed N1 

and N2 to describe anti-tumor and pro-tumor neutrophil populations, respectively. A 

similar dichotomy has been seen in the blood of tumor-bearing mice and cancer patients 

based on density gradient separation (69, 70). Neutrophil populations were found in the 

low-density fraction, collectively termed low-density neutrophils (LDNs), and the 

high-density layer, termed high-density neutrophils (HDNs). The HDN and LDN 

populations displayed anti-tumor and pro-tumor functions, respectively (69). The 

similarities between the N1/N2 polarized neutrophils and circulating mature 

HDNs/LDNs has prompted a new nomenclature of NC1and NC2 (69). These 

polarization schemes have also been adopted in other models. Clearly, the functional 

variation and possible plasticity of what has long been considered a relatively 

straightforward cell is only beginning to be unraveled, and it appears that much is still 

to be learned regarding the abilities and functions of neutrophils. While the 



 

 

9 

 

predominant investigation on the abilities of neutrophils is reserved for humans and 

mice, work in other species has revealed many similarities but also key differences 

between neutrophils from different species. 

Bovine Neutrophils 

Bovine neutrophils, while similar to human and mouse neutrophils, do possess 

distinct features. For example, the composition of bovine neutrophil granules is not the 

same. Lysozyme, a bactericidal enzyme of azurophilic granules is abundant in other 

species, yet is present at very low levels in bovine granules(71). Bovine neutrophils 

also possess an additional, unique granule, that isn’t present in humans or mice (72) 

and lack receptors for N-formylated peptides (73). While in humans, neutrophils make 

up a large portion of the circulating leukocytes (50-70%), neutrophils in cattle make up 

about 25% (74). In cattle, neutrophils also have half-lives of around 9 hours (75). In 

contrast to human neutrophils, bovine neutrophils do not express FcγRI and FcγRII 

receptors, and have a special  receptor  for IgG2, the Fcγ2 receptor, which is distinct 

from all other Fcγ receptors(76).  

 Bovine neutrophils, as in other species, interact with other immune cells. 

Research into neutrophil degranulation products has suggested that these neutrophil 

products (secretory vesicles, primary, secondary, and tertiary granules) can influence 

the activation, adhesion and the migration of three bovine monocyte subsets, as well as 

affecting  monocyte-macrophage differentiation(38), something similar to what is seen 

in humans(77). 
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 Bovine neutrophils can respond to toll-like receptor ligands. So far, 10 TLRs 

has been identified in cattle (78). The TLRs in cattle have been associated with the 

recognition of Mycobacterium tuberculosis and M. bovis by macrophages (79), bovine 

respiratory disease (80), and Escherichia coli mediated mastitis(81). In bovine 

neutrophils the detection of mRNA for TLR1, TLR2, TLR4, TLR6, TLR7 and TLR10, 

but not TLR3, TLR5, TLR8, TLR9 has been reported previously(82). 

 Stimulation of bovine neutrophils with LPS has been shown to induce changes 

in mRNA expression within 2 hours, increasing expression of IL-8, SOD2, TNF-a and 

BPI (83). Exposure to LPS also can influence the production of inflammatory mediators 

including IL-1β, IL-12, IFN-γ, IL-8, and TNF-a(84, 85). Suggesting that cattle 

neutrophils are capable of rapidly changing and regulating RNA expression, a 

potentially overlooked area of neutrophil function, as neutrophils are predominantly 

believed to be short-lived and contain relatively little RNA. 

Neutrophil Extracellular Traps 

 A current area of active study and research comes from the discovery of 

neutrophil extracellular traps (NETS). NETosis, or the process of NET formation, is 

thought to be a novel form of extracellular bacterial killing, whereby neutrophils release 

a mesh of chromatin fibers which contains anti-microbial peptides and enzymes such 

as NE and MPO attached (86). NET formation has still not been well defined, however. 

It’s is widely considered that the involvement of the reactive oxygens species (ROS) 

pathway is necessary (87), although the actual mechanisms by which is involved are 
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currently unknown (88). Other key molecules believed to be necessary for NETosis are 

MPO NADPH oxidase, and neutrophil elastase (89–91). Involvement of the Raf-MEK-

ERK pathway, which is upstream from the NADPH oxidase pathway, is also involved 

in NET formation (92).  

Autophagy has been associated with NET formation, and NET formation is 

beginning to be considered a variation of the autophagy process (93). In addition it 

appears that the ROS pathways is involved in the autophagy process, which may 

establish a connection between ROS and NETs However, the use of non-specific 

autophagy inhibitors has made it difficult to make a definitive connection (93). A 

reason for the difficulty in researching NETS is the lack of or more specifically inability 

to develop knockout models for NETS. Additionally, as NETs are predominantly DNA, 

it is difficult to conclude the source of any extracellular DNA, or whether the release 

of the DNA from a neutrophil is indeed a NET structure. Neutrophils, like most cells, 

would be unlikely to survive and develop without DNA or histones and basic function 

of neutrophils would be greatly impacted without the other factors essential for NET 

formation such as NADPH oxidase, MPO, and NE. This is the main reason as to why 

most NET research is performed ex-vivo or in vitro, and why the evidence for NET 

function in-vivo is predominantly indirect, although there has been an increasing trend 

towards novel intravital imaging techniques to directly observe NET formation and 

activity (94, 95), which may greatly enhance our understanding of the NET formation 

process. 
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NETs have been implicated to have roles in various infectious models including 

fungal (96), bacterial (86), viral (97), and protozoan (98) infections, not to mention 

their potentially significant role in sterile inflammatory conditions including 

autoimmune disorders such as systemic lupus erythematous (SLE) (99). NETs have 

been characterized in several mammals including humans (91), mice (100), goats (101), 

sheep (102), cattle (103), and dolphins (104). Similar structures have been observed in 

the neutrophil-like cells of other vertebrates such as chickens (105) and fish (106), and 

even non vertebrates such as gastropods (107).  Release of extracellular structures has 

been observed in other immune cells such as macrophages (108), eosinophils (109), 

mast cells (110) and even the root-tip cells from plants (111) suggesting that 

extracellular trap formation may be an evolutionarily conserved if not primitive defense 

mechanism. The capacity of these NETs to kill so far has been model-dependent, as the 

evidence has so far been contradictory (98, 112).  

Whether or not neutrophils survive post-NET release is also debatable. While 

NETs seem to remain anchored to the neutrophil that release them (113), neutrophils 

have been shown to continue to perform basic immune functions post-NET release in-

vivo (113) while in-vitro findings suggest that NETosis leads to lysis of the cell (91). 

Currently, there are three distinct forms of NET release theorized, although this is still 

greatly debated (7, 114). There are the typical or “classical” NETs, of which there is 

significant evidence and involve the death of the cell (115). Instances of neutrophils 

surviving post-NET release is limited but growing. They are considered to be the result 
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of either mitochondrial release of DNA (116, 117), or from the release of relatively 

small amounts of DNA trafficked by vesicles (114, 118)  

The determinants that lead to NET formation are not yet clear, as neutrophils 

have other effector functions such as phagocytosis, degranulation, ROS, etc. Imaging 

has shown that only about 30-50% of neutrophils undergo NET formation even under 

artificial stimulation using the potent NET inducer phorbol 12-myristate 13-acetate 

(PMA), although the variability is quite donor-dependent (119). Additionally, there is 

evidence that the release of NETs can be context dependent, where PMA may activate 

a certain pathway, another may activate a completely different pathway (120, 121). The 

possibility of species specific differences between host neutrophils, has also not been 

adequately addressed. One current theory regarding the neutrophil “decision” to under 

NET formation, posits that the formation of NETs is due to the inability of neutrophils 

to properly phagocytize a pathogen, which would explain NETs being released against 

large fungal hyphae and the viruses which are very small (122). While an attractive 

theory, there is currently no accepted model for why some neutrophils release NETs 

and others do not under the same conditions.  

Although neutrophils have proven capable of releasing NETs in response to a 

small number of nematode parasites (107, 123), including one recent report in cattle 

(9), it is currently unknown whether stimulation with O. ostertagi  would induce the 

release of NETs, and what the mechanisms underlying this response would be. Based 

on the prevalence of the NET responses to various pathogens including relatively large, 
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extracellular parasites and fungi (122, 124), I hypothesize that O. ostertagi is capable 

of inducing the release of NETs from bovine neutrophils in a similar manner. 
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Chapter 2: Materials and Methods 

Cattle 

The Wye Angus herd is a closed herd maintained by the Wye Research and 

Education Center, University of Maryland Experimental Station (Queenstown, MD) 

(125) . The steers were maintained on the pasture of orchard grass, alfalfa, or clover, 

and fed with alfalfa, and bailage in winter (126). Helminth-free Holstein steers were 

maintained on the campus of Beltsville Agricultural Research Center (BARC), 

Beltsville, MD. Jugular venous blood was obtained for neutrophil and serum isolation. 

Animal Care and Use Protocols were approved by both the BARC and UMD 

Institutional Animal Care and Use Committees. 

Parasite propagation and parasitic antigen preparation  

O. ostertagi adult worms and stage four larvae (L4) were propagated in 

helminth-free calves as described previously (127). Briefly, 4-6 months old, helminth-

free Holstein steers were inoculated with a bolus dose of O. ostertagi L3 on Day 0 and 

euthanized on Day 9 for L4 larvae or Day 21 for adult worm, and the abomasum and 

abomasal content were collected for parasite isolation. Parasites were collected from 

the abomasal tissue using the Baermann technique (L4) or from the abomasal content 

using the gel migration method (adult). Live L4 larvae were washed 3 times in cell 

culture medium containing antibiotics prior to use in co-cultures. Adult parasites were 

washed 2 times with cold PBS and homogenized. The homogenate was centrifuged at 
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20,000g for 30 min at 4°C and soluble extract (hereafter referred to as “OO extract”) 

was stored at -20°C prior to experimental use.   

For the C. elegans experiments, a mixed population (early stage larvae to adult) 

of soil nematode Caenorhabditis elegans was grown at 20°C in axenic liquid mCeHR-

2 medium supplemented with 20 μM hemin (128). Both live and heat-killed (60°C, 60 

min) worms were spun down at 800g and washed twice with PBS before being 

resuspended in RPMI media (129).  

Tissue collection and histochemistry 

 Tissue samples were collected, fixed and paraffin embedded from infected and 

non-infected steers at the time of euthanasia as described previously (4). Tissue were 

sectioned and 5 µm sections were rehydrated through xylene and ethanol (100–50%) 

to water. Sections were then incubated in Hoechst 33342 (Invitrogen, 2 µg/mL) to 

visualize DNA and cell nuclear shape for 5 min and mounted in anti-fade reagent 

(Fisher Scientific). Images were taken using a laser scanning confocal microscope 

(Zeiss LSM 510 system, Thornwood, NY, USA).  

Bovine Neutrophil Isolation 

Jugular vein blood was collected cattle using vacutainers containing EDTA or 

no additive (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ). Neutrophils 

were isolated as previously described (130) with minor modifications; briefly, blood 

was transferred to 15 mL conical tubes (Fisher) and centrifuged for 20 min at 1,000g 

at 4°C. Following centrifugation, the plasma, buffy coat, and one-third of the red blood 
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cell pellet were discarded. The remaining cells were resuspended in 5 mL ACK lysis 

buffer to remove red blood cells. The cell suspension was gently mixed and incubated 

for 5 min at room temperature. The solution was then centrifuged for 10 min (200g at 

4°C) and the supernatant decanted. The pellet was washed with 15 mL of calcium- and 

magnesium-free PBS (CMF-PBS) and centrifuged for 5 min (850g at 4°C). For 

complete red blood cell lysis, ACK treatment was repeated. Cells were then washed 

twice with 15 mL of CMF-PBS and centrifuged for 5 min (850g at 4°C). After the final 

wash, the pellet was resuspended in 1 mL of RPMI 1640 lacking phenol red (Gibco), 

and neutrophil concentrations were measured using the trypan blue exclusion method 

on a hemocytometer.  

Mouse Neutrophil Isolation 

Neutrophils were isolated from bone marrow of tibias and femurs of adult mice 

by density gradient centrifugation as described previously (131–133) and resuspended 

in phenol red-free RPMI 1640 medium containing 2% FBS.  

NET Quantification 

Neutrophils were re-suspended in RPMI 1640 medium containing 2% FBS and 

lacking phenol red. Cells were deposited in triplicate into 96-well flat-bottom plates 

(Nunc, Fisher Scientific) and incubated for 30 min at 37°C and 5% CO2 prior to 

stimulation. Cells were then stimulated for up to 3 hours with OO extract (3 µg/mL) or 

Toll-like receptor 4 (TLR4) ligand LPS (100 ng/mL) in a final volume of 200 µL per 

well. Dose dependency of OO extract was evaluated using further dilutions (1:10 and 
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1:100) in RPMI medium. For live worm experiments, neutrophils were cultured with 

either C. elegans (20 or 40 worms/well) or O. ostertagi L4 larvae (40 worms/well) in 

triplicate.  

Following stimulation, micrococcal nuclease was added (5 U/well, New 

England Biolabs, Ipswich, MA, USA) and incubated for 15 min. Samples were 

centrifuged (800g, 5 min) and the supernatants (100 μL/well) were transferred to a 

black 96-well flat-bottom plate (Nunc). The samples were stained with the fluorescent 

DNA dye Sytox Green (5 µM final concentration, Invitrogen, Carlsbad CA, USA) and 

incubated at RT in the dark for 10 min (134). NET formation was quantified in arbitrary 

fluorescent units (AFU) by spectrofluorometric analysis with an excitation wavelength 

of 485 nm and an emission wavelength of 525 nm using an automated plate reader 

(Biotek, Winooski, VT, USA). For negative controls, unstimulated neutrophils in 

regular RPMI medium lacking phenol red were used. Neutrophil stimulation with 

phorbol 12-myristate 13-acetate (PMA; Sigma, St. Louis, MO, USA 100 nM final 

concentration) served as a positive control (103). 

Inhibition assays 

Specific inhibitors were used for blockage of NET formation (9, 135) as 

described previously. The following inhibitors were used: the NE inhibitor Suc-Ala-

Ala-Pro-Val chloromethyl ketone (CMK; 1mM final concentration, Sigma), NADPH 

oxidase (NOX) inhibitor diphenylene iodonium (DPI; 10 μM final concentration, 

Sigma), and the MPO inhibitor 4-Aminobenzoic acid hydrazide (ABAH; 100 μM final 
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concentration, Sigma). TLR4 signaling inhibitor CLI-095 (1µg/mL final concentration; 

Invivogen, San Diego, CA). Cells were pre-incubated with inhibitors for 30 min at 

37°C prior to stimulation as described above (9, 135). 

Visualization of NETs and Detection of NET-associated proteins 

Isolated neutrophils (3 x 105) were seeded on 13 mm round glass coverslips pre-

treated with poly-L-lysine (Sigma) in 24-well plates and were allowed to adhere for 30 

min at 37°C (136). Cells were then stimulated as described previously for up to 3 hours. 

Following treatment, coverslips were washed with PBS and fixed in 2% 

paraformaldehyde for 15 min at RT. Coverslips were then washed 3 times with PBS 

and blocked with 2% BSA (Sigma) for 30 min to prevent non-specific binding. To 

detect histone or NE, coverslips were incubated with anti-histone (H3) antibody (Fisher 

Scientific) at 1:1000 or anti-NE antibody (Abcam, Cambridge, MA, USA) at 1:200 for 

1 h at room temperature (RT). Following first antibody incubation, coverslips were 

washed twice with PBS and incubated 30 min at RT with anti-mouse IgG-PE 

(Biolegend, San Diego, CA, USA) diluted at 1:500 in blocking buffer. Coverslips were 

subsequently stained with Sytox Green (1:1000, 15 min), washed twice with PBS, and 

mounted on glass slides using anti-fade mounting buffer (Fisher Scientific). Images 

were taken using a laser scanning confocal microscope (Zeiss LSM 510 system, 

Thornwood, NY, USA). 

For imaging of unfixed cells, cells were seeded on 24-well plates without 

coverslips under similar conditions. Hoechst 33342 (20µM): is a cell permeable DNA 
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dye and was present in media throughout stimulation. Sytox Green (5µM) was added 

15 minutes prior to imaging.  

Measurement of DNA in sera from OO-challenged and uninfected control cattle 

 Cattle were infected with OO L3 and blood samples were collected at days 0, 

15 and 29 post infection. Serum sample (10µL) was added to 90 µL of PBS, followed 

by addition of 100 uL of Sytox Green (1:200) per well in a black 96-well flat bottom 

plate (Nunc) and incubated in the dark for 15 minutes at RT. Fluorescence was 

quantified as described above in “NET Quantification”. 

Chemiluminescent measurement of ROS production 

 ROS production was measured by chemiluminescence as described previously 

(91, 137). Neutrophils (1 x 105) were resuspended in RPMI 1640 containing 11 mM 

HEPES, 55 mM Luminol (Fisher), and 1.2 U/mL horse radish peroxidase (Sigma). 

Ninety µL of the cells was then plated in a white 96-well flat bottom microplate (Nunc) 

and subsequently stimulated with 10 µL of stimuli as described in “NET 

quantification”. Chemiluminescence was recorded for 1 s per well every 2 min for 30 

min prior to addition of stimuli, and for an additional 2 h using an automated plate 

reader set to 37°C. 

Statistical Analysis 

 Data were analyzed using two-tailed Student’s t test or one-way analyses of 

variance (ANOVA) with repeated measurements to compare stimulation conditions 
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using the Tukey-Kramer multiple comparisons test (GraphPad InStat Software, Inc., 

La Jolla, CA). P values of <0.05 were considered significantly different.  
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Figure 1. Overall scheme of experimental design. Neutrophils were isolated from 

Holstein steers and stimulated in vitro with O. ostertagi extract or other experimental 

stimuli in the presence or absence of inhibitors. Following a 3-hour stimulation period, 

release of NETs was measured by fluorescent quantification and reactive oxygen 

species (ROS) measured by luminol enhanced chemiluminescence.  
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Chapter 3: Results 

Ostertagia ostertagi induces NET Release 

NETs consist predominantly of DNA and a small list of proteins (138), 

including neutrophil elastase and histone. Histones are normally strongly associated 

with DNA, and get released within NETs, possibly contributing anti-microbial 

properties to the NET structure (92, 139, 140). Neutrophil elastase (NE) is a serine 

proteinase secreted by neutrophils during inflammation, and is normally involved in 

the destruction of microorganisms and tissues (141). It is also one of the predominant 

proteinases present in NETs, as being bound to DNA prolongs and preserves its 

proteolytic activity (94), although the exact reason for its association with the NET 

structure is still unclear (86). The co-localization of NE, DNA and histone has been 

observed in multiple models of NETs including cattle (142), and is routinely used as a 

marker for NETs when present alongside DNA (138). Studies on other ruminant 

parasites have demonstrated their ability to induce NETs in bovine neutrophils (9, 135, 

142), suggesting the strong possibility that O. ostertagi could induce NET formation 

as well. Following stimulation with OO extract, NETs were observed and displayed 

typical structures (Fig. 2). Sytox Green staining revealed that stimulation of bovine 

neutrophils with OO extract led to the release of a dense network of DNA fibers 

spreading outwards from the cell (Fig. 2A-b and 2B-b). Localization of DNA appeared 

to be outside of the cell as determined by staining with permeable (Hoechst) and 

impermeable (Sytox green) dyes on unfixed cells (Supplemental Figure 1). These DNA 
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structures co-localized with histone (Fig. 2A-h) and NE (Fig. 2B-h), affirming their 

identity as NETs (9, 91, 142). Unstimulated neutrophils demonstrated normal 

multilobed nuclei and lacked extracellular DNA structures (Fig. 2A-c and 2B-c). 

Stimulation with the well-established neutrophil activator and NET inducer PMA (143) 

led to the formation of similar extracellular DNA structures  (Fig. 2A-a and 2B-a) 

which also co-localized with histone (Fig. 2A-g) and NE (Fig. 2B-g), consistent with 

previous reports (9, 135, 142).  
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Figure 2 Co-localization of DNA with histone (H3) and neutrophil elastase (NE). 

Histone (H3) (A) and neutrophil elastase (NE) (B), in PMA stimulated (a, d, g), 

Ostertagia ostertagi (OO) extract stimulated (b, e, h) and unstimulated (c, f, i) bovine 

neutrophils and associated neutrophil extracellular trap structures. a-c: DNA stained 

with Sytox Green (green). d-f: Histone (H3) staining in A, and NE staining in B within 

NET structures (red). g-i: Overlay of NET-DNA with histone (A) or NE (B). The 

neutrophils were incubated with each stimulus for 3 hours before staining. 
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O. ostertagi induced NET release is dose and time dependent 

The release of NETs by neutrophils has been demonstrated to occur relatively 

rapidly in various models including in humans, mice, and cattle (9, 121), although the 

kinetics seem to be stimuli and possibly species dependent (121). To further 

characterize the role of OO extract in NET release, the time- and dose-dependent 

responses were examined in vitro. The release of extracellular DNA was detectable 30 

min following incubation with PMA, LPS and OO extract (Fig. 3A), and was 

significantly higher in cells treated with PMA, LPS or OO extract than unstimulated 

cells (p < 0.01). The amount of NETs released was significantly greater up to 90 min 

post stimulation in cells treated with PMA when compared to the amounts induced by 

LPS or OO extract, and in general, PMA appeared to induce higher average NETs than 

those stimulated by other treatments (Fig. 3A). This may reflect the artificial nature of 

PMA-induced NET release, as PMA is able to directly activate protein kinase C (PKC), 

whereas LPS and possibly OO extract may have to work through different pathways 

which require multi-stepped signal transductions (121). NET release in response to OO 

extract illustrated a clear time-dependent pattern like that of LPS (Fig. 3A). Maximal 

NET release was observed at 180 min for all treatments, similar to previous reports (9, 

86, 91), and thus all subsequent experiments were conducted for this amount of time. 

To investigate the dose response of neutrophils to OO extract, purified bovine 

neutrophils were incubated with different concentrations of extract for 180 min. The 

neutrophils displayed a clear dose-dependent NET response, with maximal production 
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demonstrated at 3 µg/mL of OO extract (Fig. 3B). All subsequent experiments were 

conducted using OO extract at this concentration (3 µg/mL). Treatment with DNase I 

lowered the detection of NETs to the level of the controls (Fig. 2B), suggesting that the 

increase in detected DNA was predominantly of extracellular origin and not attributable 

to the presence of apoptotic or necrotic neutrophils. These results were consistent with 

the detection of extracellular DNA in NETs induced by PMA, LPS, and OO in Fig.2. 

Interestingly, the unstimulated negative control (Fig. 3B) seemed to have a small but 

consistent release of extracellular DNA, as treatment with DNase I led to a statistically 

significant decrease in the measured fluorescence. While the exact source of this DNA 

is unclear, it is possibly due to low levels of background activation during the isolation 

process, given neutrophils sensitive predisposition for activation (144). 
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Figure 3. DNA release following Ostertagia ostertagi (OO) soluble extract 

treatment of bovine neutrophils A. Kinetics of OO extract-induced DNA release over 

a period of 3 hours. Asterisks indicate statistical significance on all the data in each 

square using one-way ANOVA. B. Dose dependent effect of Ostertagia soluble extract 

on DNA release by neutrophils in incubation for 3 hours. Experiments were performed 

using cells from five cattle. Data are expressed as means +/- SEM. Asterisks indicate 

statistical significance. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Black lines: t-test. Red 

lines: One-way ANOVA. Data were representative of at least three experiments with 

similar results. 
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OO -induced NET release is MPO-, NE-, and NADPH oxidase-dependent 

While the exact mechanism of NET formation and release are still not 

completely understood (94), certain key proteins have proven to be essential in nearly 

all models. NETs have been widely demonstrated to be dependent on the enzymes NE, 

myeloperoxidase (MPO), and NADPH oxidase, and bovine NETs in particular have 

been reported to be dependent on these proteins (8, 9, 135, 142). NADPH oxidase is a 

crucial enzyme for neutrophil activity. Its activation initiates and mediates the 

production of ROS during the respiratory burst and is widely associated with NET 

induction (55). MPO is a potent peroxidase which also is crucial to the respiratory burst 

pathway, and alongside NE, are both abundant in the primary granules of neutrophils 

and are commonly found within NET structures (6, 138, 145, 146). The serine protease 

NE and peroxidase MPO, both have demonstrated potential roles in the chromatin 

decondensation crucial for NET release (147), and are both involved in various NET 

models (9, 148, 149). To further investigate the characteristics of OO extract-induced 

NET release, inhibition of these molecules was performed using specific inhibitors for 

NE (CMK), MPO (ABAH), and NADPH oxidase (DPI) (59). Inhibition of each of 

these molecules individually demonstrated significant reductions in NET release 

following OO extract stimulation (p ≤ 0.01, Fig. 4), indicating key roles for each of 

these enzymes in OO extract-induced NET release. Interestingly, addition of inhibitors 

to the unstimulated control did not affect the low levels of DNA released by neutrophils 

(Fig. 4), suggesting an independent mechanism for the release of this DNA. 
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Figure 4. Blockage of OO-triggered NETosis using inhibitors. Inhibition of 

NADPH Oxidase with DPI, NE with CMK, and MPO with ABAH, respectively. Data 

were expressed as means +/- SEM from five cattle. Data were expressed as means +/- 

SEM from triplicate using cells from one cow. Red lines: One-way ANOVA. Data were 

representative of at least three experiments with similar results.  
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OO induced NET release is TLR4 independent 

While the OO extract-induced NET release was dependent on NADPH oxidase, 

MPO and NE, none of these molecules are directly involved in the initial recognition 

of the target pathogen or signal. The OO extract used in these experiments contains 

whole parasite content, which may also may include some bacteria from the parasites 

own flora (150). Endosymbionts have recently been reported to be the source of ligands 

inducing NET formation human helminth infection with Onchocerca volvulus (151). 

The bacteria that may be present within Ostertagia ostertagi contribute many immune 

stimulating components, such as LPS from gram-negative bacterial walls, which binds 

to the toll-like receptor-4 (TLR4) present on the neutrophil surface (81). To investigate 

this possibility, neutrophils were treated with TLR4 inhibitor CLI-095, before 

stimulation with OO extract (152). Inhibition of TLR4, however, had no effect on the 

NET release induced by OO extract (Fig. 5), indicating that OO extract-stimulated NET 

release is not dependent on TLR4.  
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Figure 5. Inhibition of TLR4 with its inhibitor CLI-095 (TLR4i). Data were 

expressed as means +/- SEM from triplicate using cells from two cows. Red lines: One-

way ANOVA. Data were representative of at least three experiments with similar 

results.  
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DNA in serum does not correlate with infection  

NETs are released into the extracellular environment, and have demonstrated 

the ability to enter the systemic circulation at detectable levels (138). Multiple reports 

have investigated the potential for NETs, or their individual components, as viable 

diagnostic markers (138, 153, 154). While there has been some limited success in the 

use of cell free DNA as a NET specific marker in sterile inflammatory conditions (145, 

154), its relevance in infectious models is unknown. To determine if the levels of cell-

free DNA in blood were associated with OO infection, which could be related to entry 

of OO-induced NETs into circulation, we evaluated the cell-free DNA concentration 

in the sera of uninfected controls and cattle infected with O. ostertagi for 15 or 29 days, 

with day 0 samples collected immediately prior to infection. Serum DNA concentration 

did not appear to correlate to infection status and did not significantly differ between 

control and infected animals at days 15 and 29 post-challenge (Fig. 6). While 

extracellular DNA was detectable in the sera, levels were predictably lower (2 log-fold) 

than in the supernatant of in vitro stimulated neutrophils (Fig 2). The serum DNA was 

extracellular and sensitive to DNase I treatment, similar to those present in vitro (Fig. 

2B). Therefore, cell-free DNA levels in serum do not appear to be affected by O. 

ostertagi infection, raising the possibility that NETs may be sequestered at the sites of 

infection, although DNA staining of tissue sections of infected tissue showed no 

obvious indications of a significant NET presence (Supplemental Figure 2). 

Alternatively, NETs are released but rapidly cleared, possibly by endogenous 

mechanisms including DNases (145).   
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Figure 6. DNA concentrations in sera of cattle experimentally infected with 

Ostertagia ostertagi. Infected and uninfected controls had serum isolated on Days 0, 

15, or 29 post infection. Black lines: t-test. Red lines: One-way ANOVA. IN, infected; 

CON, control. 
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O. ostertagi infection possibly suppressed NET response 

 

It has long been known that neutrophils can be transitioned into a state of 

enhanced responsiveness, a process termed “priming” Exposure to a priming agent 

such as pro-inflammatory mediator TNFα (155) or microbial products such as LPS 

(156) enhances various neutrophil functions including respiratory burst, phagocytic 

ability, granule release, and chemotaxis (157). Recent reports suggest enhanced NET 

formation may also be an effect of neutrophil priming (157, 158). To investigate 

whether O. ostertagi infection alters NET release either through priming or some other 

mechanism, neutrophils were isolated from animals undergoing O. ostertagi infection 

(11 days post-challenge) and stimulated with OO extract. The neutrophils from both 

infected cattle released significant amounts of NETs in response to PMA or LPS 

stimulation. However, OO extract induced a relatively lower amount of NETs 

compared to unstimulated controls (p ≤ 0.01, Fig. 7A). To compare the level of the 

NET response between healthy and acutely infected cattle, the NET release by 

neutrophils from the two infected cattle was calculated as a percentage of each 

corresponding PMA positive control. Interestingly, both animals appeared to have a 

diminished response to LPS or OO extract than those from healthy cattle (Fig. 7B).  

These data suggest that the ability of neutrophils to form NETs is not enhanced, but 

may instead be inhibited by O. ostertagi infection, possibly contributing to the parasites 

survival in vivo. 
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Figure 7. Suppression of NET release in infected cattle neutrophils. A. The 

neutrophils were purified from the blood samples of O. ostertagi infected cattle 11 days 

post infection and assayed for NET release in triplicate. Data are expressed as mean +/- 

SEM. OO-3: 3 ug/mL of OO-soluble extract. Data were analyzed by Student t-test. B. 

Comparison of neutrophils from healthy (Heal) or infected (IN, the same as in A) in 

response to LPS or OO extract. Background AFU (Negative control) was subtracted 

from all the data to obtain exclusive (responsive) AFU. The AFU % of PMA treatment: 

each value was divided by the exclusive AFU of PMA treatment of the neutrophils 

from the same cow. 
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Bovine neutrophils lack detectable ROS following OO exposure 

The role of NADPH oxidase and ROS has been widely reported in various 

models of NET release including in cattle (9, 114, 135), however the exact mechanisms 

of this involvement, and roles for specific ROS remains unclear. 

The NADPH oxidase complex mediates neutrophil production of ROS (159). 

Inhibition of NET release following incubation with the NADPH oxidase inhibitor DPI 

indicated the importance of this enzyme in OO extract-induced NET formation. The 

importance of NADPH oxidase in the release of NETs made it likely that the main 

NADPH oxidase output, ROS, would be detected in significant quantities following 

stimulation with PMA, LPS or OO extract, based on Figs. 3 and 4. Confirming the role 

of the NADPH oxidase complex in the formation of ROS, neutrophils treated with the 

inhibitor DPI showed significant reductions in ROS production following PMA 

stimulation (p ≤ 0.01, Fig. 8A-B). Surprisingly however, OO extract did not appear to 

induce any significant production of ROS by neutrophils at any point over the 2-hour 

stimulation period, compared to the strong ROS response detected in PMA-stimulated 

neutrophils (Fig. 8A). Similarly, when measured as total ROS released over time (the 

area under each curve), OO extract-treated neutrophils showed a complete lack of ROS 

production (p ≥ 0.05, Fig. 8B). Taken together, these results suggest a ROS-

independent pathway for NET release by this parasite and indicate the possibility that 

the ROS products of the NADPH oxidase complex pathway may be dispensable in OO 

extract-induced NET formation. 
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Figure 8 Reactive oxygen species (ROS) production by OO-stimulated 

neutrophils. ROS was measured by luminol-enhanced chemiluminescence assay.  A. 

Kinetics of ROS release by neutrophils under treatments over a period of 2 hours. B. 

Total ROS production measured by area under each curve for the whole period of 2 

hours. Experiments were performed in triplicate using cells from three cattle. Data are 

expressed as means +/- SEM. Red lines: One-way ANOVA. Data were representative 

of two experiments with similar results. 
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Exogenous ROS induces NET release 

As there was a noticeable lack of detectable ROS following stimulation with 

OO extract, it raised the question as to what the role of ROS products may be in bovine 

NET formation. Specific ROS products such as superoxide (160), hypochlorous acid 

(161, 162), or hydrogen peroxide (91, 162) have been demonstrated to be able to 

directly stimulate NET formation in the absence of any other stimuli. To test this 

possibility in bovine neutrophils, exogenous hydrogen peroxide (H2O2) was used as a 

source of ROS. Neutrophils exposed to varying concentrations of H2O2 displayed a 

significant, dose-dependent NET release (p ≤ 0.01, Fig.9), equivalent to that of PMA 

or OO extract-treated neutrophils. Even with DPI inhibition eliminating the 

endogenous ROS response, H2O2 was able induced NET release (p ≤ 0.01, Fig. 9). 

Even though there seems to be a significant lack of detectable ROS produced by 

neutrophils in response to OO extract, H2O2, a predominant ROS product, 

demonstrated the ability to directly stimulate NET formation in bovine neutrophils. 
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Figure 9. Effect of exogenous ROS (H2O2) on NET release. Dose-dependent effect 

of an exogenous ROS product, hydrogen peroxide (H2O2), on DNA release by 

neutrophils for 3 hours. Experiments were performed in triplicate using cells from three 

cattle. Data are expressed as means +/- SEM. Black lines: t-test. Red lines: One-way 

ANOVA. Data were representative of two experiments with similar results. 
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Bovine neutrophils release NETs in response to live nematodes 

 

While the OO extract demonstrated the ability to induce significant NET release 

from bovine neutrophils, the ability of live, whole parasite to induce NETs warranted 

investigation. To determine the ability of live parasite to induce NETs, live L4 stage O. 

ostertagi were used to stimulate bovine neutrophils in vitro. Additionally, to determine 

the possibility of a conserved response to nematodes, C. elegans, a lab strain of a non-

pathogenic soil nematode, was also examined for induction of NET release. 

Reinforcing the OO extract experiments, neutrophils stimulated with either 20 or 40 

live L4 Ostertagia larvae released significantly higher amounts of NETs compared to 

unstimulated controls in both cattle samples (p<0.05, Fig. 10A). Unexpectedly, bovine 

neutrophils exposed to C. elegans showed significant NET release (p ≤ 0.01, Fig. 10B), 

albeit not as large as in PMA-stimulated neutrophils. C. elegans-induced NET release 

was independent of viability of the worms, as heat-killed worms (60°C, 60 min) 

induced equivalent amounts of NET release (Fig. 10B). Inhibition experiments 

confirmed the dependence of the C. elegans-induced NET response upon NE, MPO, 

and NADPH oxidase (p ≤ 0.01, Fig. 10B), indicating their similarity to the OO extract-

induced NETs. These data suggest a bovine NET response to different nematodes, 

unrelated to their pathogenicity, raising the possibility that NET release may be a 

conserved defensive mechanism against a broad range of nematodes or similar 

parasites.   
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Figure 10. NET release following stimulation with live worms. The induction of 

NET release by neutrophils is a conserved response against nematodes. NET release 

by bovine neutrophils from two cattle following stimulation with live L4 Ostertagia 

larvae (A), or adult C. elegans (B). Data are expressed as means +/- SEM. The data in 

D represent two independent experiments in triplicate. C.el: C.elegans. HK: heat-

killed. Black lines: t-test. Red lines: One-way ANOVA. 

A 
B A B 
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OO-induced NET formation is not bovine-specific 

O. ostertagi is a nematode parasite of ruminants, most predominantly in cattle 

and to a lesser degree sheep and goats. It is not known to establish infection or cause 

disease in rodents, the most probable reason for the lack of reports investigating the 

effects of O. ostertagi on mouse immune cells, although OO extract has once 

previously been reported to have the ability to influence mouse immune cell activity 

(163). To address the possibility of a conserved neutrophil response to O. ostertagi, 

particularly with a species not normally associated with this parasite, the ability of O. 

ostertagi to elicit NET formation in mouse neutrophils was investigated. Mouse bone 

marrow neutrophils from C57BL/6 mice were stimulated with OO extract and their 

NETs release was examined. Interestingly, there was a significant increase in NET 

release by OO extract-treated mouse neutrophils (p ≤ 0.001, Fig.11A), which was 

inhibited by the NADPH oxidase inhibitor DPI (p ≤ 0.001, Fig. 11A), although not as 

completely inhibited as in bovine neutrophils (Fig 4). Additionally, C. elegans, was not 

able to induce murine neutrophils to form NETs (Fig. 11A), in contrast to bovine 

neutrophils (Fig 10A).  Consistent with bovine neutrophils, neutrophils from mice did 

not produce ROS following OO extract stimulation (Fig. 11B), further indicating that 

O. ostertagi mediates NET release independent of ROS production. These data suggest 

that NET release by neutrophils in response to OO extract may be a conserved response, 

potentially mediated by broad or conserved host-pathogen pattern recognition 

mechanisms (164, 165).   
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Figure 11. OO-induced NET release in murine neutrophils. The induction of NET 

release by neutrophils is a conserved function of the nematodes in different host 

species. Bone marrow-derived mouse neutrophils stimulated with O. ostertagi soluble 

extract (OO) were assayed for NET release 3 h post-treatment (A) or ROS production 

over a period of 2 h using luminol-enhanced chemiluminescence assay. Data are 

expressed as means +/- SEM. The data D represent two independent experiments in 

triplicate. C.el: C. elegans. HK: heat-killed. Black lines: t-test. Red lines: One-way 

ANOVA. 
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Discussion 

The role and mechanisms of NET release initially focused on its role in bacterial 

infection (86, 91). As different disease models, including both infectious and sterile 

inflammation, have been investigated, the list of diseases in which NETs are thought 

to play a role in has constantly grown (5). However, the role of NETs has largely been 

limited to murine and human models of disease, and even in those models, relatively 

few reports exist on the role of NETs on nematode infections (123, 151, 166). Bovine 

neutrophils have been shown to release NETs, upon stimulation from various parasites 

(102, 135, 167, 168), and have recently demonstrated the ability to release NETs in 

response to a similar nematode parasite H. contortus (9). In this report, we provide the 

first evidence of a NET response elicited by O. ostertagi, one of the most detrimental 

GI nematode parasites to the cattle industry (82, 83). OO extract was able to induce 

bovine neutrophils to form NETs, a reaction which was MPO, NE and NADPH oxidase 

dependent, enzymes often reported to be involved in a majority of NET models inclding 

multiple parasite-dependent NET models in cattle (83, 108, 135). Supporting the 

relevance of the OO extract-induced NET release, live OO L4 larvae were similarly 

able to induce significant NET release in bovine neutrophils. Surprisingly, the 

nematode C. elegans, a free-living soil nematode which is demonstrably non-

hazardous, non-infectious, non-pathogenic, and non-parasitic (169), was also able to 

cause NET release in bovine neutrophils. OO extract also demonstrated the ability to 
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induce NETs in both murine and bovine neutrophils, suggesting the presence of shared 

mechanisms in NET formation between species in response to nematodes. 

During infection, while currently unknown, the concentration of parasite 

content or antigen released by O. ostertagi can be logically assumed to be relatively 

low compared to what is normally used in vitro. Additionally, there is a good chance 

of direct interaction of parasites with immune cells, especially during the acute phase 

of O. ostertagi infection into the abomasal mucosal. To simulate this in vivo situation, 

the response of bovine neutrophils to low concentrations of adult stage O. ostertagi 

soluble extract was examined. The capacity of these bovine neutrophils to release 

significant levels of NETs in response to even low concentrations of parasite extract 

increase the likelihood of the viability of this response in vivo, a situation where the 

actual abundance of parasite antigen is likely much lower than in typical in vitro 

settings. To validate the ability of bovine neutrophils to release NETs against intact 

parasites and not just parasite extract, live L4 stage O. ostertagi were used to stimulate 

neutrophils. A similar NET response was observed between the live parasite and to the 

soluble extract alone. These results suggest that neutrophils can release NETs in 

response against live intact parasites and parasite soluble extract. However, whether 

this response can occur in an in vivo setting remains to be confirmed.  

While increases in extracellular DNA were not detected in the sera of infected 

animals, this does not necessarily diminish the possibility of NET production in vivo. 

NETs are extracellular structures and thereby subjected to controls by powerful 

homeostatic machinery in the host, such as degradation by DNase I (94) or 
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macrophages (170). Released NETs may also potentially not be able to enter the 

systemic circulation, becoming sequestered in the infected tissue. The lack of visible 

NETs in infected tissues does not necessarily contradict our findings in vitro. Infection 

of a parasite such O. ostertagi is a dynamic process and it is difficult to know at what 

stage of infection parasites may be at a given time. It may be that if NETs are released 

in vivo, they may only be released during the very early stages as Ostertagia invades 

the tissue.  

While NETs, including bovine NETs, have been shown to be released in 

response to infectious parasites of various origins, there is a lack of literature on their 

release against commensal or strictly non-infectious parasites. To explore the 

possibility that there might be a bovine NET response against other nematodes, not 

specific to O. osteragi, the bovine neutrophil NET response to the non-parasitic 

nematode C. elegans was investigated. The release of NETs against C. elegans was a 

rather surprising result. This nematode causes neither pathology nor is it associated 

with any known immune reaction from the mammalian immune system. Interestingly, 

the NET response was observed in both live and heat-killed C. elegans, diminishing 

the possibility of a mechanical activation of the NET response. These results however, 

must be interpreted with caution. The possibility of the release of certain damage or 

danger signals from the cultured C. elegans was not addressed in these experiments. 

The response of C. elegans  to  various temperatures has been extensively studied, and 

this free-living soil nematode is known to be unable to survive prolonged exposure to 

high temperatures, including the homeostatic temperature of mammals and the 
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common culture condition for cells 37C, which is considered a lethal dose within 180 

minutes (171). It is possible the bovine neutrophils are responding to the potential 

release of these signals. However, the increasing number of reports detailing NET 

formation in multiple host species in response to various different microbes reinforces 

the idea of NETs being an ancient and conserved aspect of the innate immune system 

shared among vertebrates and plants (172, 173), and it may be a common mechanism 

for neutrophils to release NETs against potential parasites (104).  

While similar, there are distinct differences in the immune systems between 

species that are still being unraveled. With a significantly smaller body of literature, 

the immune system of cattle is not as well understood as the murine system. The ability 

of bovine neutrophils to respond to C. elegans, whereas murine neutrophils do not, 

suggests a greater responsiveness of bovine neutrophils and potentially a greater role 

for bovine neutrophils in immune defense. An additional possibility for the discrepancy 

in host neutrophil response may be related to the strain of mouse. It is widely 

established that each strain of mouse has quite a large variation in its immune response 

to parasites (174). While the C57/B6 is of a wildtype background, the lab environment 

in which the strain has been bred may have led to the development of a diminished 

immune response against certain mediators and organisms. 

It has been demonstrated previously that OO soluble extract contains certain 

immunoregulators that can regulate T cell (175, 176) and macrophage (127) responses. 

Given the heterogeneity of the OO soluble extract used, it is likely that multiple 

mediators present in the extract could be independently or synergistically initiating the 
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NET response, each potentially using different pathways or receptors, such as the 

various pattern recognition receptors present on the surface or in the endosomes of 

neutrophils (e.g. TLR’s) (124). In regards to the intact L4 larvae and C. elegans, in 

addition to the potential neutrophil response to microbe size (122), there may also be 

recognizable molecules present on the surface of these worms that neutrophils are 

binding. Additionally, the presence of any such surface molecules is likely to be similar 

in the soluble extract as well. For example, various Candida albicans cell surface 

components are capable of inducing NETs via various receptors including TLRs, C-

lectin family (Dectin-1), and complement receptors (CD11b/CD18; Mac-1) (177). In 

addition, OO soluble extract is known to contain lectin (178). Certain lectin receptors, 

such as C-type lectin receptor, Mincle, have been shown to be involved in the NET 

response in mouse neutrophils (87). Therefore, NET release in response to OO soluble 

extract may be triggered by the components such as lectin, which is conserved across 

many species (179). It is likely that multiple signals are simultaneously mediating the 

O. ostertagi response, leading to possibly redundant mechanisms for NET formation, 

a common strategy in many immunological functions, and further research is needed 

to determine which components are mediating this response (180, 181). 

The importance of NE, MPO, and NADPH oxidase in the NET pathway has 

been demonstrated in many reports (5, 9, 114). Inhibition of these molecules 

demonstrated their critical role in the O. ostertagi-mediated NET response. NADPH 

oxidase specifically has long been known to be crucial for NET release as patients 

suffering from chronic granulomatous disease (CGD), a deficiency in the NADPH 
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oxidase enzyme, are unable to release NETs (91, 182). Chemical inhibition of the 

NADPH oxidase enzyme with DPI completely abrogated the formation of NETs 

following O. ostertagi stimulation, confirming the importance of this enzyme, whose 

main physiological function is the initiation of the respiratory burst and release of ROS 

(183). However, upon investigation of the release of ROS following O. ostertagi 

stimulation, there was no discernable release of ROS throughout the assay. While the 

predominant mechanism for NET formation and release has involved NADPH oxidase 

and ROS, there has been increasing evidence for NADPH oxidase derived ROS 

independent pathways, of which there are currently believed to be two, termed “vital 

NETosis,” due to the survival of the neutrophil post NET release (7, 184). Multiple 

reports exist of a NADPH oxidase-independent NET pathway which involves the 

dependence exclusively on mitochondrial ROS and results in the release of 

mitochondrial DNA (116), the other, which is less understood, is truly independent of 

any ROS, and is the result of small packets of DNA being released extracellularly (7, 

184). However, while it is difficult to exclude the possibility of a NADPH oxidase-

independent pathway in O. ostertagi-mediated NET formation, the complete lack of 

any ROS detected during stimulation diminishes the likelihood of a mitochondrial-ROS 

pathway. Interestingly, LPS is often considered an inducer of NETs (120), yet it is well 

established that LPS alone is a poor stimulator of ROS (120) in unprimed neutrophils, 

which was also observed.  

Both bovine and murine neutrophils demonstrated no measurable ROS 

response following O. ostertagi or C. elegans stimulation. This suggests a potential 
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difference between the non-physiological PMA-induced NET pathway and the O. 

ostertagi induced NET pathway, a concern that has been raised previously regarding 

the use of PMA (121). In addition, while DPI is the most widely used inhibitor of 

NADPH oxidase, DPI can affect various other cellular processes as well, particularly 

in the mitochondria (185). Data resulting from use of DPI may require more cautious 

interpretation than has been previously considered. 

ROS are a heterogeneous mixture of oxygen-containing molecules with high 

chemical reactivity. The presence of unpaired electrons in some of these species render 

them extremely unstable and reactive. ROS include peroxides, hypochlorous acid, 

hydroxyl radicals, singlet oxygen, and the superoxide anion, as well as a few other 

compounds. The importance of ROS in NET formation was realized quickly following 

its initial discovery (91), however, the exact ways in which ROS is involved in NET 

formation are not known. NETosis has usually been considered a novel form of cell 

death, but recent results suggest it may be directly linked to or be a variant of the 

autophagy process (93, 115). It has recently been determined that the regulation of 

autophagy, is closely tied to ROS (88, 186), although the exact mechanisms by which 

ROS is involved in the signaling network behind autophagy are still incompletely 

understood, particularly their contribution to cell remodeling.  

Thus, ability of ROS itself, independent of NADPH oxidase, to induce NETs 

was investigated. Previous reports in humans (91) and chickens (105) have indicated 

that ROS on its own can influence NET production. In the current work, NET release 

was assayed in bovine neutrophils following addition of exogenous ROS in the form 
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of H2O2, which induced NETs, even in the presence of NADPH oxidase inhibitor, 

confirming that bovine neutrophils are also capable of forming NETs in the presence 

of ROS alone without NADPH oxidase activity. Interestingly, it has been shown that 

certain organisms such as Candida albicans possess the ability to detoxify or degrade 

ROS utilizing superoxide dismutase (SOD) and catalases (187, 188) as a strategy 

against neutrophils. It is plausible that similar enzymes may be present within worms 

such as O. ostertagi. Paradoxically, it has also been reported that C. albicans is able to 

produce its own ROS (189), enough to rescue NET formation in CGD-patient isolated 

neutrophils. However, these explanations do not address the clearly demonstrated lack 

of detectable ROS production. Although the possibility of non-neutrophil sources of 

ROS or rapid degradation of ROS cannot be completely dismissed, these results suggest 

that the formation of NETs may be dependent upon multiple factors, of which ROS 

production may be a dispensable one. Much is not understood regarding the role of 

ROS in NET formation, particularly its role in the main mechanisms of NETosis, such 

as chromatin decondensation, histone citrullination, binding of enzymes to DNA, and 

membrane rupture. Recent work has indicated that the involvement of NADPH 

oxidase-derived ROS in NET formation vary on the specific molecular stimuli (190). 

These authors found that NET formations require NADPH oxidase-derived ROS when 

induced with PMA or by certain bacterial stimulation, but not if the induction occurs 

via the bacterial calcium ionophore ionomycin. Investigation of NET formation in the 

neutrophil-like granulocytes of carp suggests that a stimulus-dependent requirement 

for ROS may be an evolutionarily conserved pattern within vertebrates (173). 
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These data clearly demonstrate the capability of O. ostertagi to induce NET 

formation, suggesting a potential role for NET formation in the innate immune response 

of cattle to the parasite. Furthermore, the response of NET formation is not specific to 

live, fully intact parasite but can also be induced with parasite antigen alone. 

Surprisingly, the O. ostertagi-mediated NET response appears to be independent of 

ROS but requires NADPH oxidase activity. While this result is difficult to interpret, a 

plausible hypothesis is that multiple pathways are involved in the NET response to O. 

ostertagi, which is clearly distinct from the PMA-induced NETs extensively studied. 

The theory of context or stimuli specific mechanisms for NET release has been 

gathering evidence, and it’s likely that as more of the specific mechanisms underlying 

NET release are discovered, there will be a much more complex picture of the process 

of NET formation than is currently understood. In addition, it is certain that the in vivo 

context presents additional complexity compared to the simplified, single cell type 

models used in vitro. Also, the contribution of cytokines, chemokines, and interactions 

with other cells in the local milieu can alter the response as well as outcome. It is also 

possible that these NETs themselves are interacting with and affecting the local 

immune response or activity of other immune cells, which warrants further 

investigation. While the actual ability of NETs to entrap or potentially kill O. ostertagi 

and its relevance in vivo remain unclear, O. ostertagi appears capable of inducing NETs 

in vitro and suggest that NETs may be a potentially overlooked and important immune 

defense mechanism against infection with nematode parasites such as O. ostertagi. 
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Supplemental Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 1. Intracellular vs extracellular localization of DNA following 

Ostertagia ostertagi stimulation for three hours on live, unfixed cells using permeable 

and impermeable DNA dyes A: DNA stained with cell-impermeable Sytox Green 

(green). B: DNA stained with cell-permeable Hoechst 33342 (blue). C: Overlay of live 

cells and cells releasing NETs. White arrows indicate potential NETs.  
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Supplemental Figure 2. DNA staining of histological section from the fundic region 

of the abomasum using Hoechst 33342. A. Bright field with clear distinction of region 

where O. ostertagi parasite(s) were located at time of sectioning. B. DNA staining of 

same region at 10x magnification. C. Same region at 20x magnification. Arrows 

indicate location of parasite. 
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