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University of Guelph, 2018      Dr. Stephen J. LeBlanc 

 

 

 

 Impaired immune function causes reproductive disease in many high-producing dairy 

cattle during the periparturient period, primarily due to a reduction in the number and function of 

neutrophils. When administered to periparturient dairy cattle, pegbovigrastim has been shown to 

dramatically increase circulating neutrophil counts, by stimulating their production and release 

from bone marrow. The objective of the research described in this thesis was to examine the 

effects of pegbovigrastim treatment on reproductive performance, and clinical disease and milk 

production in early lactation. The primary study was a large-scale, double-blind, randomized 

controlled trial, involving 1,607 cows in 6 commercial herds. Pegbovigrastim had no effect on 

retained placenta (RP), displaced abomasum, clinical mastitis, endometritis, or reproductive 

performance outcomes. However, cows with RP were less likely to develop metritis, heifers were 

more likely to have purulent vaginal discharge, and milk production was reduced in cows treated 

with pegbovigrastim, compared to controls. 
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CHAPTER ONE 

LITERATURE REVIEW AND RESEARCH OBJECTIVES 

INTRODUCTION 

 Parturition and the transition period are a time of heightened risk of disease for a high-

producing dairy cow. Approximately 75% of disease in dairy cattle occurs within the first month 

after calving (LeBlanc et al., 2006). Metabolic changes and opening of the reproductive tract and 

mammary glands lead to the development of infectious or metabolic disease in 30 to 50% of 

dairy cattle (Goff et al., 1997; Sheldon et al., 2004; LeBlanc et al., 2010; LeBlanc et al., 2012). 

Diseases in early lactation, such as ketosis, milk fever, mastitis, or reproductive tract infection, 

are unfavourable in terms of milk production, reproductive efficiency, and herd profitability.  

Reproductive disease in dairy cattle is particularly costly for producers because of 

treatment costs, lost milk production, and reduced reproductive performance (Kelton et al., 

1998). During the physiologically stressful events of parturition, some reproductive tract damage 

and bacterial contamination is inevitable. The process of involution restores normal uterine and 

cervical physiology, and coordination with the endocrine system initiates onset of the first 

postpartum estrus (Leslie, 1983). All the while, the immune system must actively target and 

destroy bacteria that have contaminated the reproductive tract. Unfortunately, drastic changes in 

a cow’s metabolism, diet, and social stressors associated with the periparturient period cause 

varying levels of immunosuppression (Goff and Horst, 1997; Mallard et al., 1998). During the 

prepartum and early postpartum period, cows often experience a reduction in the number and 

function of neutrophils (Kehrli et al., 1989; Rinaldi et al., 2008). Because neutrophils play such 

an important role in defense against contamination, impairment of their function is detrimental to 

postpartum reproductive health (Hammon et al., 2006). If the immune system is unable to 
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eliminate invading micro-organisms, persistence of pathogenic bacteria leads to reproductive 

tract disease, which is highly prevalent in postpartum dairy cows. The risk factors, pathology, 

and treatment of reproductive disease have been well-investigated (LeBlanc et al., 2006; Sheldon 

et al., 2008; Dubuc et al., 2010). However, there is a lack of specific prevention of 

immunosuppression and resulting reproductive disease in dairy cattle.   

NORMAL POSTPARTUM UTERINE PHYSIOLOGY 

During parturition, the reproductive tract must open and stretch to allow the fetus to exit. 

Following expulsion of the fetus and fetal membranes, the uterus must repair, involute, and 

regenerate to allow for successful conception and the subsequent pregnancy. Involution involves 

the breakdown and sloughing of the caruncles, regrowth of the endometrium, and return of 

uterine tone (Sheldon et al., 2008). Immediately after calving, the uterus weighs 8 to 13 kg and 

returns to approximately 1 kg within 3 weeks (Leslie, 1983; Sheldon et al., 2008). Between 

calving and 3 d postpartum, vasoconstriction and peristaltic contractions are responsible for a 

dramatic loss in uterine weight. By 10 d postpartum, the size of the previously-gravid horn is an 

average of 12 to 14 cm in diameter and by 14 d should be 7 to 8 cm in a normal cow. Vulvar 

discharge during involution is termed lochia and is a normal combination of blood, mucus, and 

uterine tissue that should be absent by 14 to 20 d (Morrow et al., 1966; Mateus et al., 2002; 

Sheldon et al., 2006). Uterine horns should be 3 to 4 cm in diameter and equal in size at 25 to 30 

d (Morrow et al., 1966; Leslie, 1983), but complete involution does not occur until 40 to 50 d 

postpartum (Sheldon et al., 2006), with deeper tissue layers not fully restored until 6-8 weeks 

(Sheldon et al., 2008). Infection during this period can delay involution and in turn, delay the 

return to cyclicity (Mateus et al., 2002; Sheldon et al., 2008).  
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THE ROLE OF NEUTROPHILS IN INNATE IMMUNITY 

 Neutrophils are one of the most important immune cell types in the first line of defense 

against most bacterial pathogens. On average, mature neutrophils make up approximately 28% of 

the total circulating leukocyte count in cattle (Da Silva et al., 1994). The normal differentiation 

of pluripotent stem cells in bone marrow to mature cells in circulation, is controlled by different 

hematopoietic factors to ensure the physiological needs of an animal are met (Kehrli et al., 

1991). Lymphocytes are derived from lymphoid progenitor cells, red blood cells (RBC) from 

erythroid progenitors, and granulocytes from myeloid progenitors (Mehta et al., 2015). The 

development of each blood cell type is directed by different growth factors and cytokines.  

The development of neutrophils takes approximately 14 days (Bainton et al., 1971; Da 

Silva et al., 1994), progressing from pluripotent stem cells to myeloblasts, promyelocytes, 

neutrophilic myelocytes, neutrophilic metamyelocytes, band cells, and segmented 

polymorphonuclear (PMN) mature neutrophils (Bainton et al., 1971; Jain, 1976; Mehta et al., 

2015). The formation of azurophilic (primary) granules, containing myeloperoxidase (MPO), 

serine proteases, and antibiotic proteins, occurs during the differentiation of promyelocytes 

(Faurschou et al., 2003). Specific (secondary) granules, containing high levels of lactoferrin, are 

formed during the differentiation of myelocytes and metamyelocytes (Faurschou et al., 2003). 

During differentiation of band cells and segmented neutrophils, gelatinase (tertiary) granules are 

formed, followed by secretory vesicles which are found in segmented and mature cells 

(Faurschou et al., 2003). Bone marrow contains three functional pools of developing neutrophils. 

The mitotic pool contains myeloblasts, promyelocytes, and myelocytes (Jain, 1976), where cells 

reside for an average of 7.5 days in mammals (Bainton et al., 1971; Da Silva et al., 1994). Cells 

then spend an average of 6.5 days (Bainton et al., 1971) in a maturative pool containing 
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metamyelocytes and band cells (Jain, 1976). Band cells and segmented neutrophils reside in 

storage pools for an average of 7 days before being released into circulation (Jain, 1976).  

A mature lactating dairy cow has an average of 2 × 1011 segmented neutrophils in marrow 

and storage pools in circulation (Da Silva et al., 1994). Although neutrophil kinetics are not well-

documented in dairy cattle, mature neutrophils have been found to travel in circulation with an 

average half-life of 8.9 hours in healthy cows (Paape et al., 2002) and function in tissues for up 

to 2.5 days (Da Silva et al., 1994). Cells in the marrow storage reserves can be quickly mobilized 

and directed by chemoattractants to sites of infection (Paape et al., 2002). Under stimulus from 

infection, the time required for a myelocyte to mature and appear in circulation can be decreased 

to as little as 48 hours, in comparison to the 96 to 144 hours it takes normally (Da Silva et al., 

1994).  

At the first signs of bacterial contamination, local epithelial cells and macrophages 

initiate the inflammatory response by releasing chemoattractants (Paape et al., 2002). Mature 

neutrophils are recruited from the bloodstream, migrating from circulation through a process 

called diapedesis. This involves tethering, a transient adhesion to the endothelium surface in 

response to various ligands; rolling, mediated by selectins expressed on inflamed endothelial 

cells; firm adhesion of neutrophils to endothelial walls via selectins and integrins, and finally 

transmigration though the endothelial junction (Witko-Sarsat et al., 2000; Kobayashi et al., 

2003). Neutrophils then follow the chemotactic gradient toward the site of infection, where 

bacteria are bound to membrane receptors and phagocytized (Wright et al., 2010). Following 

ingestion, neutrophil effector systems are activated, including both oxidative and non-oxygen-

dependent microbicidal pathways (Witko-Sarsat et al., 2000). Oxidative burst involves activation 

of the NADPH-oxidase complex and MPO pathway, resulting in the production of reactive 
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oxygen species (ROS) such as hydrogen peroxide, superoxide anion, hypochlorous acid, and 

other hydroxyl radicals (Faurschou et al., 2003; Kobayashi et al., 2003). The non-oxygen-

dependent pathway involves the release of serine proteases, antibiotic and antimicrobial proteins, 

and metalloproteinases from granules into the phagolysosome (Witko-Sarsat et al., 2000). 

Neutrophils can also kill pathogens extracellularly using neutrophil extracellular traps (NETs), as 

a second line of defense to supplement phagocytic killing and control infection. Neutrophil 

extracellular traps are induced as a response to different inflammatory mediators and provide a 

fibrous chromatin network to capture pathogens (Parker et al., 2012). There is also a substantial 

amount of NET-associated active MPO, which is involved in the microbicidal capabilities of 

NETs (Parker et al., 2012).  

THE EFFECT OF PARTURITION ON NEUTROPHIL FUNCTION 

 Parturition and the onset of lactation cause changes in feed intake, nutrient partitioning, 

and metabolic demand (Crookenden et al., 2016, Rinaldi et al., 2008). These changes often cause 

dysfunction of the innate immune system and have a negative effect on neutrophils, in particular 

(Hammon et al., 2006). Although specific mechanisms are not well-understood, studies 

consistently show a slight increase in total circulating leukocyte and neutrophil counts just before 

calving, followed by a dramatic decrease immediately after calving and through the first 1 to 2 

weeks postpartum (Kimura et al., 1999, Kehrli et al., 1989). Peripheral neutrophil count varies 

inversely with granulocyte adherence and transmigration (Smith et al., 1983), meaning an 

increase in neutrophil recruitment reduces the number in circulation. Glucocorticoid treatment 

has been shown to negatively alter neutrophil migration kinetics in humans, laboratory animals, 

and cattle (Burton et al., 1995). Burton et al. (1995) demonstrated that the use of dexamethasone 

to induce bovine immunosuppression resulted in profound down-regulation of L-selectin on the 
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surface of circulating neutrophils. Conversely, there was an average 400% increase in the 

number of circulating mature neutrophils. This suggests that down-regulation of selectins causes 

a reduction in the number of marginated neutrophils adhering to endothelial surfaces during the 

diapedesis process, therefore increasing the number of free circulating neutrophils (Burton et al., 

1995). Kimura et al. (1999) found similar results in a study comparing the differences in L-

selectin expression, and neutrophil count and function in periparturient mastectomized and intact 

cows. Their findings suggest that the increase in circulating neutrophils leading up to calving is 

caused by increased cortisol levels, down-regulation of L-selectin expression, and decreased 

neutrophil rolling adhesion (Kimura et al., 1999). Ultimately, down-regulation of neutrophil 

adherence to endothelium leads to decreased migration from the vascular system to infected 

tissue and means a possible reduction in the ability to fight infection (Kehri et al., 1989; Burton 

et al., 1995; Kimura et al., 1999). However, studies have shown decreased circulating neutrophil 

counts at the time of calving and during the presence of clinical disease, signifying that 

inflammatory and recruitment factors during infection elicit margination and migration and 

override the effects of L-selectin down-regulation (Kimura et al., 2002; Moretti et al., 2016).  

Several studies have reported diminished neutrophil function at parturition (Gilbert et al., 

1993, Hammon et al., 2006, Kimura et al., 1999, Rinaldi et al., 2008). Myeloperoxidase activity, 

cytochrome c reduction activity, ROS production, and oxidative burst are indicative of neutrophil 

function and efficiency. Through stimulated native chemiluminescence, bacterial ingestion 

assays, and random migration under agarose in blood samples from 8 heifers during the 

periparturient period, Kehrli et al. (1989) demonstrated maximum neutrophil function 2 weeks 

before parturition and minimum function during the first week of lactation. They also found an 

impairment in neutrophil random migration and phagocytosis of labelled Staphylococcus aureus 
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during the first week after calving (Kehrli et al., 1989). Another study investigated the effect of 

parturition on the inhibition of specific ROS. They measured differences in the production of 

intracellular versus extracellular ROS by bovine neutrophils. Compared to cows in mid-lactation 

(100 to 200 days in milk [DIM]), those 1 to 8 DIM had an increased ability to produce 

intracellular ROS but an impaired ability to release extracellular superoxide anion and hydrogen 

peroxide (Rinaldi et al., 2008). These results indicate that intracellular production of ROS, 

necessary for the killing of bacteria in phagosomes, is preserved at calving. The production and 

importance of extracellular production of ROS remains unclear (Rinaldi et al., 2008). Similarly, 

Gilbert et al. (1993) demonstrated that superoxide anion production was lower in the first week 

postpartum compared to the subsequent weeks of lactation. They discovered that cows in their 

fourth or greater lactation had more profound impairment of superoxide anion production, 

compared to cows with less than four lactations.  

To partition the effects of parturition and lactation, Kimura et al. (1999) compared 

expression of neutrophil adhesion molecules and MPO activity in 10 mastectomized versus 8 

intact cows. Cows from each group were sampled twice weekly from 3 weeks prior to calving to 

3 weeks after calving and 4 non-pregnant heifers were used as a control. Neutrophil function 

declined substantially, equally in both groups at the onset of parturition, suggesting a direct 

effect of calving itself. However, MPO activity recovered to prepartum values within 7 days in 

mastectomized cows but took as long as 20 days in intact cows. This suggests that although 

parturition causes initial immunosuppression, the demands of lactogenesis contribute to the 

prolonged suppression in neutrophil function in the postpartum period (Kimura et al., 1999).  

Nutrition during the dry and transition periods also plays an important role in immune 

function. Minimizing the decrease in dry matter intake (DMI) and the degree of negative energy 
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balance (NEB) during the periparturient period has been shown to improve neutrophil function 

(Hoeben et al., 1997; Hammon et al., 2006). Cows with plasma NEFA ≥ 0.400 mEq/L within 2 

weeks before calving had significantly lower MPO activity than those with lower NEFA 

concentrations (Hammon et al., 2006). An in vitro study by Scalia et al. (2006) resulted in no 

differences in phagocytic activity of neutrophils from mid-lactation cows incubated with varying 

levels of NEFA, but a significant reduction in cell viability. Hoeben et al. (1997) demonstrated 

that cows with ketosis also experience impaired neutrophil function. Inducing elevated BHB 

levels with 1 to 2.5 mmol/L doses of butyric acid in vitro inhibited respiratory burst activity in 

bovine neutrophils isolated from peripheral blood of 7 clinically healthy periparturient cows 

(Hoeben et al., 1997). There was no difference in MPO activity or superoxide anion production 

in treated or control neutrophils, but the authors hypothesized that the inhibition of respiratory 

burst was caused by a decreased production of hydrogen peroxide. These results show that high-

producing cows with elevated levels of BHB or severe NEB may be at greater risk of local and 

systemic infections during the post-partum period (Hoeben et al., 1997; Hammon et al., 2006). In 

contrast, Ster et al. (2012) found that although in vitro neutrophil function of cells isolated from 

mid-lactation cows was negatively affected by induced elevated levels of NEFA, function was 

not affected by elevated BHB. The authors propose that the difference in results from those of 

Hoeben et al. (1997) may have been caused by a lack of incubation prior to neutrophil function 

assays. Although these results are valuable and contribute to the understanding of the effect of 

metabolic parameters on neutrophil count and function, when compared to physiological 

conditions, in vitro studies have limitations in their ability to mimic in vivo environments 

(Danicke et al., 2018).  
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In a trial investigating the effect of different dietary energy levels on neutrophil function, 

10 control cows were fed a diet of 100% NEL with an energy content of 1.34 Mcal/kg dry matter 

(DM) and 9 overfed cows were fed 150% NEL at 1.62 Mcal/kg DM throughout the 45-day dry 

period (Graugnard et al., 2012). Both groups experienced NEB during the first week postpartum, 

but overfed cows showed a much larger decrease in energy balance at parturition. Concentrations 

of NEFA and BHB did not differ between groups, which is an interesting result since overfed 

cows had a more dramatic decrease in energy balance between the prepartum and postpartum 

periods. However, the concentrations of both glucose and insulin were much greater in the 

overfed group at -14 d and 7 d. The overfed group had a lower average phagocytic capacity of 

32.7% at 14 d prepartum, compared to the control group at 46.5%. At 7 d, phagocytosis in the 

control group was constant, whereas there was an increase in the overfed group to similar levels. 

This increase in the overfed group is proposed to be caused by the greater concentration of 

glucose (3.5 and 3.3 mmol/L in overfed and control, respectively), the preferred energy substrate 

for immune cells (Graugnard et al., 2012). However, at 7 d, compared to control cows, glucose 

and insulin concentrations were higher and the phagocytic ability of neutrophils from the overfed 

cows was significantly lower. Although it is not sufficiently understood, the authors 

hypothesized that elevated levels of insulin are responsible for impaired neutrophil function at 

calving (Graugnard et al., 2012).  

Calving also causes changes in the expression of genes associated with immune function. 

In samples collected from cows -1, 0, 1, 2, and 4 weeks relative to calving, Crookenden et al. 

(2016) found reduced expression of genes for pro-inflammatory cytokines and increased 

expression for anti-inflammatory cytokines on the day of calving compared to all other time 

points. There was also variation in expression of genes associated with neutrophil adhesion, 
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maturation, and apoptosis throughout the transition period. During, and immediately following 

parturition, there is a necessity for pro-inflammatory cytokines to stimulate an inflammatory 

response and initiate uterine involution. This altered function and down-regulation of 

components involved in the inflammatory cascade can result in predisposition to infectious 

disease (Crookenden et al., 2016). Similar to the trial by Graugnard et al. (2012), Zhou et al. 

(2015) fed 6 cows a normal diet 100% of NEL at 1.34 Mcal/kg DM energy and overfed 6 cows 

>140% NEL at 1.62 Mcal/kg DM energy for the last 45 days of the dry period. They analyzed 43 

genes in neutrophils -14, 7, and 14 days relative to parturition. Overfed cows had greater 

expression of genes associated with neutrophil adhesion, migration, and phagocytosis, as well as 

several pro-inflammatory cytokines at -14 and 7 d relative to calving. The results suggest a 

chronic state of inflammation and activation of neutrophils in overfed cows, which is in part 

contradictory to the impaired immune function discovered by Gragnard et al. (2012). It is thus 

hypothesized by Zhou et al. (2015) that providing high levels of energy to cows before 

parturition increases the expression of genes related to neutrophil function, but the associated 

higher concentrations of NEFA, BHB, and insulin are what cause deleterious effects on function 

in the periparturient cow.  

POSTPARTUM REPRODUCTIVE DISORDERS 

Most metabolic disorders, such as ketosis, milk fever, and displaced abomasum, affect 

cows during the first 2 weeks postpartum (Goff and Horst, 1997). As many as 80 to 100% of 

cows have bacterial contamination in the uterine lumen in the first 2 weeks postpartum (Sheldon 

et al., 2006). However, the dysfunctional immune system characteristic of the transition period, 

often becomes overwhelmed by the heightened pathogen load and as a result, 40% of cows are 

still infected by 3 weeks postpartum (Sheldon et al., 2006 and 2008). Many studies have shown 
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that cows with a metabolic or infectious postpartum disorder are at greater risk of developing 

other disorders (Curtis et al., 1985; Martinez et al., 2012).  

Cows are also at a higher risk of delayed ovulation if affected by uterine infection 

(Bonnett et al., 1993; Williams et al., 2007). Bonnett et al. (1993) demonstrated that compared to 

cows that conceived by 119 d, cows that had still not conceived by 175 d had higher rates of 

Actinomyces pyogenes isolated from endometrial biopsies at 26 and 40 d postpartum and higher 

rates of anaerobic bacteria at 26 d. Cows with A. pyogenes isolated at 26 d were 2.7 times less 

likely to be pregnant by 119 d and those with A. pyogenes isolated at 40 d were 5.0 times less 

likely to be pregnant, compared to cows negative for isolation (Bonnett et al., 1993). In a study 

with 70 Holstein cows classified as having ‘high’ (≥10 colonies of bacterial growth) or ‘low’ 

(<10 colonies) non-specific uterine pathogen growth, Williams et al. (2007) found that ‘high’ 

cows had perturbed ovarian folliculogenesis, slower growth of the dominant follicle, decreased 

probability of first dominant follicles ovulated, decreased plasma estradiol, and a smaller corpus 

luteum resulting in low levels of plasma progesterone (Williams et al., 2007). 

Retained placenta 

Retained placenta (RP) is defined as the unsuccessful expulsion of fetal membranes, 

visible more than 24 h after calving (Kelton et al., 1998). Retained placenta occurs in an average 

of 2 to 5% of dairy cows (Sheldon et al., 2008), but has been reported up to 11.8% (Dubuc et al., 

2010a). Risk factors include dystocia, stillbirth, abortion, twinning, and increased age (Curtis et 

al., 1985; Dohmen et al., 2009, Ghavi Hossein-Zadeh and Ardalan, 2011). 

Gunnink (1984) was one of the first to hypothesize that expulsion of fetal membranes 

was under control of the immune system and involved chemotactic activity and destruction of 

placental attachments by leukocytes. Cotyledons harvested from cows with RP expressed less 
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chemoattractant activity when used in a chemotaxis assay, compared to normal cows (Gunnink, 

1984). In a later study evaluating the relationship between RP and neutrophil function, 

neutrophils were isolated from blood of 142 cows from 2 weeks prepartum to 2 weeks 

postpartum (Kimura et al., 2002). Cows with RP 24 h after calving (14.1%) had lower MPO 

activity before calving and also had lower chemotactic activity from 1 week prepartum to 1 d 

postpartum, when using a piece of cotyledon tissue as a chemoattractant. This supports results of 

Gunnink (1984) and demonstrates that impaired neutrophil function before calving in cows that 

later develop RP, is a cause and not an effect of RP (Kimura et al., 2002). A more recent study 

with 12 cows that developed RP and 17 clinically healthy cows showed lower lymphocyte counts 

prepartum, lower total leukocyte and neutrophil counts at calving, and higher BHB 

concentrations from 1 week prepartum to 72 h postpartum in cows with RP (Moretti et al., 2016). 

These results suggest insufficient migration of neutrophils to the endometrium and failure to 

completely break down placental cotyledons as contributing causes of RP. The elevated BHB 

levels found in cows with RP supports earlier research demonstrating impaired neutrophil 

function in cows with elevated BHB (Hoeben et al., 1997).  

Cows with RP are predisposed to uterine infection, as they often have much higher 

lipopolysaccharide (LPS; endotoxin) levels compared to normal cows (Dohmen et al., 2009, 

Sheldon et al., 2008). In a trial examining intra-uterine contamination and endotoxin levels in 

cows with RP, Dohmen et al. (2009) found that the presence of E. Coli and LPS in lochia of 

early postpartum cows was associated with increased risk of infection by A. pyogenes and gram-

negative anaerobes later postpartum. Dubuc et al. (2010) also found that among the 11.8% of 

cows with RP in a study evaluating risk factors for uterine disease, 33.2% later developed 

metritis.  
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Metritis 

Metritis is characterized by inflammation, infiltration by PMNs, and myometrial 

degeneration of the endometrium and deeper tissue layers, caused by fulminant bacterial 

invasion (Sheldon et al., 2006). Puerperal metritis can be defined as an enlarged uterus with fetid 

watery red-brown discharge, systemic illness, and a fever >39.5°C within 10 d postpartum 

(Sheldon et al., 2006 and 2008). Acute puerperal metritis is most commonly associated with 

higher counts of A. pyogenes, Fusobacterium necrophorum, Prevotella species, and E. coli 

isolated from the infected reproductive tract (Sheldon et al., 2006). Clinical metritis is present in 

25 to 40% of cows within 21 d postpartum and is defined as an enlarged uterus and fetid 

discharge from the vagina without signs of systemic illness (Sheldon et al., 2008). Risk factors 

include dystocia, twins, and retained placenta, each contributing to increased damage to the 

uterine wall (Benzaquen et al., 2007; Ghavi Hossein-Zadeh and Ardalan, 2011). Of 450 cows 

monitored for abnormal calving, clinical metritis, clinical endometritis, and rectal temperature by 

Benzaquen et al. (2007), cows with an abnormal calving were 4.8 times more likely to develop 

metritis. They also reported that while there were no daily increases in rectal temperature of 

healthy cows, rectal temperature began to rise 72 to 48 h before diagnosis in cows that later had 

metritis with fever >39.4°C. An earlier study by Sheldon et al. (2004), found no association 

between fever and the presence of uterine bacterial infection, although there was an association 

of fever with metabolic markers of inflammation. These studies together demonstrate that 

although rectal temperature cannot predict bacterial numbers, it may be a useful indicator of 

inflammation associated with the onset of clinical disease (Benzaquen et al., 2007).  

Endometritis 

Endometritis is inflammation localized to the endometrial lining, thus is not as severe as 

metritis, but if left undiagnosed and untreated can impair reproductive performance. Cows with 
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endometritis are 4.5 times more likely to have anovulatory anoestrus, 20% lower conception 

rates, and a median time to conception 30 days longer, compared to healthy cows (Sheldon et al., 

2009). In a study with 293 cows, Potter et al. (2010) found that the 10 to 20% incidence of 

clinical endometritis (Sheldon et al., 2009) was associated with retained placenta, assisted 

calving or dystocia, stillbirth, vulvar angle, parity, and fetal sex. Cases of purulent vaginal 

discharge (PVD), formerly termed clinical endometritis, are defined by purulent (>50 % pus) 

vaginal discharge after 20 d postpartum, or mucopurulent (50% mucus, 50% pus) or worse 

discharge after 26 d (Sheldon et al., 2006; Dubuc et al., 2010) and can easily be diagnosed using 

Metricheck device (Mcdougall et al., 2007), a gloved hand (Pleticha et al., 2009), or vaginoscopy 

(LeBlanc et al., 2002).  

Subclinical endometritis (SCE) is defined as an increased proportion of PMNs in the 

superficial endometrium, that is associated with impaired reproductive performance, but absence 

of abnormal discharge and systemic signs (Sheldon et al., 2009). It can be diagnosed in different 

ways, including endometrial biopsy, endometrial cytology via cytobrush, and endometrial 

cytology via low-volume lavage (Barlund et al., 2008; Melcher et al., 2014). Biopsy involves 

histopathological evaluation of an endometrial sample containing the surface epithelium, lamina 

propria, endometrial glands, and vascular inflammatory status (Meira et al., 2012). It provides 

the most accurate representation of endometrial stratum compactum (Meira et al., 2012; 

Pascottini et al., 2016), but is an invasive technique with controversy regarding whether biopsy 

itself has negative effects on pregnancy. Endometrial cytology is a reliable diagnostic technique 

for SCE, regardless of whether cytobrush (Madoz et al., 2012) or low-volume lavage (LVL) 

(Kasimanickam et al., 2005; Cheong et al., 2012) is used. The cytobrush method involves a 

uterine brush that is protected by an adapted insemination rod and passed through the cervix. 
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Once in the uterine body, the cytobrush is extended from the insemination rod and gently rolled 

to collect a sample of the endometrial lining (Kasimanickam et al., 2005; Barlund et al., 2008). 

Cows that were sampled via cytobrush and those that were not sampled had no difference in the 

probability of pregnancy at first service in a study by Kaufmann et al. (2008), suggesting that the 

method itself does not negatively affect fertility. Low-volume lavage involves passing a catheter 

through the cervix and infusing sterile saline into the uterus. A sample of the saline and any 

uterine fluid is then collected and centrifuged to concentrate cells. The cytobrush tip or 

concentrated cells from LVL are then rolled onto a microscope slide, stained, and 

microscopically evaluated (Barlund et al., 2008).  

As there is no true gold standard diagnostic method for the diagnosis of SCE, the % PMN 

cut-point in dairy cattle ultimately depends on the DIM at diagnosis and the method of diagnosis. 

The cut-point varies considerably in the literature, validated in several different ways (de Boer et 

al., 2014; Melcher et al., 2014). Between 35 to 40 d postpartum, reproductive outcomes are 

generally impaired by a uterine cytology sample with >5% PMN (de Boer et al., 2014). Several 

groups use a PMN cut-point of >18% neutrophils collected between 21-33 d postpartum and 

>10% neutrophils between 34-47 d for the diagnosis of SCE (Kasimanickam et al., 2004; 

Sheldon et al., 2006; Sens and Heuwieser, 2013). In reproductive analyses using cytology, 

Barlund et al. (2014) used a cut-point of >8%, Denis-Robichaud et al. (2015) used ≥6%, and 

Pascottini et al. (2016) used ≥3%, to name a few. Madoz et al. (2013) used optimal sensitivities 

and specificities to define critical thresholds for diagnosis of SCE in grazing cows. Their trial 

resulted in thresholds of 8% PMN for 21-33 d postpartum, 6% PMN for 34-47 d, 4% PMN for 

48-62 and overall 5% PMN for 21-62 d postpartum. A systematic review by de Boer et al. (2014) 

examined diagnostic tests for reproductive tract infection and evaluated the cut-points, outcomes, 
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DIM, and statistical analyses of groups who defined the diagnosis of SCE. Although PVD is 

commonly used as a diagnostic method for clinical endometritis, it is an indicator of non-specific 

reproductive tract infection. Dubuc et al. (2010) found that out of a total of 1,295 cows, the 

prevalence of PVD and SCE was 9.4% and 13.5%, respectively. Of those that has SCE, only 

32.1% had PVD at the same time. Conversely, of those that had PVD, only 38.0% had SCE at 

the same time, demonstrating that PVD and endometritis are distinct conditions with additive 

effects (Dubuc et al., 2010). 

Cows with endometritis have impaired fertility and are 73% more likely to be culled for 

reproductive failure, according to LeBlanc et al. (2002). In a study comparing diagnostic 

techniques and the effect of endometritis on pregnancy in 221 cows, Barlund et al. (2008) found 

that those diagnosed with SCE using a cut-point of 8% PMN had a 17.9% lower first service 

conception rate and were 1.9 times more likely to be non-pregnant by 150 d postpartum. 

Similarly, Sen and Heuwieser (2013) found that cows 21 to 27 d postpartum with >18% PMN 

had a median time to pregnancy of 145 d, compared to 80 d in those with 5% to 18% PMN and 

68 d in those with <5% PMN.  

GRANULOCYTE COLONY-STIMULATING FACTOR  

 Colony-stimulating factors are glycoproteins produced by fibroblasts and keratinocytes, 

that target specific hematopoietic stem cells and stimulate controlled proliferation and 

differentiation of blood cells (Kehrli et al., 1991). Granulocyte colony-stimulating factor (G-

CSF) specifically influences the differentiation and maturation primarily of neutrophils, but also 

macrophages (Da Silva et al., 1994). Mature neutrophils possess high-affinity G-CSF receptors 

that, although found in early development, increase in number with increasing cellular maturity 

(Root and Dale, 1999).  Granulocyte colony-stimulating factor receptors have also been found in 
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small numbers in promyelocytes, but are absent in mature monocytes, eosinophils, lymphocytes, 

or erythrocytes. Research involving G-CSF dates to the 1950’s and experimentation with 

injecting recombinant G-CSF began in neutropenic mice. Synthetic G-CSF can be produced 

through cloning and expression in E. coli by use of recombinant technology (Shadduck and 

Nagabhushanam, 1971).  

Human patients with advanced malignancy often undergo chemotherapeutic treatment, 

which causes severe immunosuppression and neutropenia (Morstyn et al., 1988). One of the first 

studies involving G-CSF injections in humans undergoing chemotherapy was conducted by 

Morstyn et al. (1988) and showed promising results for the treatment of immunosuppressed 

patients. Patients received varying doses of G-CSF that was infused intravenously twice daily for 

5 days before and 8 days after chemotherapy. An immediate decrease in circulating neutrophil 

count, to less than 0.1 x 109/L, was observed immediately following administration. However, 

within 4 hours there was a dose-dependent rise in neutrophil count above normal levels. More 

than a 10-fold increase was observed in high-dose patients receiving 60µg/kg per day, with 

counts reaching as high as 80 × 109 cells/L. The effect on neutrophil counts was sustained, even 

though the G-CSF serum half-life of 110 minutes was relatively short (Morstyn et al., 1988).  

 Recombinant human G-CSF (rhG-CSF) possesses approximately 80% genetic sequence 

homology to bovine G-CSF (bG-CSF) and was therefore experimentally used in cattle before a 

recombinant bovine strain was created. Early research in dairy cattle involved the use of rhG-

CSF as a preventative treatment for mastitis. Nickerson et al. (1989) investigated the effects of 

daily subcutaneous injection for 15 days of either 3µg/kg body weight of rhG-CSF, or saline, 

followed by intramammary challenge with Staphylococcus aureus. Prior to challenge, treated 

cows had a 3-fold increase in total white blood cell counts, peaking at 12 d post-treatment and a 
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much higher proportion of neutrophils compared to control cows (74% versus 22%, 

respectively). After challenge, the number of new intramammary infections in treated cows was 

46.7% lower than control cows, but with only 12 cows in the study, the difference was 

statistically nonsignificant (Nickerson et al., 1989). A later study by Kehrli et al. (1991) showed 

a 10-fold increase in the number of circulating neutrophils in cows treated with 5µg/kg body 

weight rbG-CSF daily from 14 d prepartum to 10 d postpartum. This increase was mainly 

attributable to the number of mature neutrophils, as there were no significant differences in 

progranulocytes, myelocytes, or metamyelocytes. Compared to the control group, they also 

found an increase in ingestion of radiolabelled S. aureus and neutrophil cytotoxicity, although 

there was a decrease in neutrophil migration and bactericidal activity in treated cows (Kehrli et 

al., 1991).  

Pegylation of biotherapeutics involves covalent binding to polyethylene glycol and 

improves the pharmakinetic profile by slowing renal clearance and increasing half-life, resulting 

in the need for less frequent administration (Molineux, 2003). Human studies compared the use 

of daily rhG-CSF injections and pegylated hG-CSF (pegfilgrastim), given once per 

chemotherapy cycle (Almenar Cubells et al., 2013). Pegfilgrastim replaced the need for 11 daily 

doses and resulted in a 70% decrease in the probability of developing severe neutropenia or 

chemotherapy-induced neutropenia-related complications (Almenar Cubells et al., 2013).  

Pegylated rbG-CSF (pegbovigrastim) was experimentally used to explore its effects on 

neutrophil count, function, and disease incidence in periparturient dairy cattle (Kimura et al., 

2014; Hassfurther et al., 2015). Kimura et al. (2014) investigated the use of 15 mg 

pegbovigrastim subcutaneously injected once 7 d prepartum and again within 24 h postpartum. 

Compared to control cows receiving saline, treated cows experienced a dramatic increase in 



19 
 

neutrophil count that peaked at 1 d postpartum, after the second injection. Neutrophil count 

remained significantly higher than in controls throughout the study period to 13 d postpartum but 

declined steadily from 1 d. There was an increased MPO activity in neutrophils for up to 10 d 

postpartum, although there was no difference in superoxide anion production or phagocytosis 

activity between groups. Plasma calcium, NEFA, and BHB levels were not significantly affected 

by treatment (Kimura et al., 2014). Doses of 5, 10, and 20 µg/kg BW pegbovigrastim were 

studied by Hassfurther et al. (2015), who found that 10 and 20 µg/kg were effective in increasing 

circulating neutrophil count. After calving, cows were moved to a drylot pen that was kept wet to 

facilitate increased exposure of mammary glands to mastitis pathogens. A group of cows given 

saline solution as a control had an incidence of clinical mastitis of 18/53 cows, whereas cows 

given the 10 and 20 µg/kg doses resulted in significantly lower incidence rates of 9/54 cows and 

5/53 cows, respectively. Several trials have since consistently shown that the administration of 

15 mg pegbovigrastim, given subcutaneously 7 d prepartum and again within 24 hours 

postpartum, increases total leukocyte and neutrophil counts, and improves neutrophil function 

(Canning et al., 2017; McDougall et al., 2017; Ruiz et al., 2017).  

Although prepartum dietary energy intake affects immune function (Graugnard et al., 

2012; Zhou et al., 2015), pegbovigrastim response was not affected by restricted prepartum 

energy intake. McDougall et al. (2017) explored the hypothesis that the effect of pegbovigrastim 

would be influenced by the energy status of cows fed a diet restricted to 85% of energy 

requirement. They did so using 4 groups: full diet + saline, full diet + pegbovigrastim, restricted 

diet + saline, and restricted diet + pegbovigrastim. The results showed an increase in neutrophil 

count and MPO release, but there were no differences in the effect of pegbovigrastim on dietary 

treatment groups.  
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Although there have been no differences in milk yield or milk constituents (Hassfurther 

et al., 2014; Ruiz et al., 2017; Canning et al., 2017), studies involving the use of pegbovigrastim 

in dairy cattle consistently report a reduction in the incidence of clinical mastitis in early 

lactation (0-30 DIM). Canning et al. (2017) found a 35% reduction in the incidence of clinical 

mastitis in a trial involving 640 cows on 4 large dairies in the United States (23.1% versus 15.0% 

in control and pegbovigrastim-treated cows, respectively). Ruiz et al. (2017) reported a 25% 

reduction in the incidence of clinical mastitis in a study involving 10,238 cows from 17 Mexican 

herds (4.9% versus 3.7% in control and pegbovigrastim-treated cows, respectively). Powell et al. 

(2018) investigated the effects of pegbovigrastim when administered 14 and 7 d before 

experimentally-induced intramammary E. coli infection in mid-lactation cows. Compared to 

control cows, pegbovigrastim-treated cows had reduced severity of infection, characterized by 

decreased bacterial counts, milk bovine serum albumin, reduction in milk yield, and reduction in 

feed intake. Circulating neutrophil counts increased after each injection, peaking 4 d and 2 d 

after the first and second injections, respectively. Immature band neutrophils appeared in 

circulation 4 d after the first injection in pegbovigrastim-treated cows, but not until 24 hours after 

intramammary challenge in control cows. An increased presence of NETs was found in treated 

cows, possibly an indication of an enhanced state of neutrophil activation (Parker et al., 2012).  

A limited number of studies have evaluated the effect of pegbovigrastim on fertility or 

reproductive disease. Canning et al. (2017) reported a 52% relative reduction in failure to return 

to estrus by 80 d in treated cows (27% versus 13% in control and treated cows, respectively), but 

no differences in first-service conception rates, or the incidence of metritis between groups. Ruiz 

et al. (2017) reported a 6% greater odds of insemination by 100 d and a 17% relative increase in 

the incidence of metritis in treated cows compared to control cows (8.4% versus 9.8% in control 
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and treated cows, respectively). Clinical metritis in this trial was diagnosed by visual observation 

of abnormal uterine discharge and rectal palpation of the uterus, without regard to body 

temperature. These diagnostics were used to classify cows as having mild or severe metritis. 

According to the common case definition for metritis (Sheldon et al., 2006) and results from 

Benzaquen et al. (2007), rectal temperature is a reliable indicator of the onset of inflammation 

and the diagnosis of metritis when used in addition to other clinical signs. The authors speculated 

that the greater incidence of metritis was attributable to a more robust neutrophil response that 

caused more cows to exhibit clinically apparent inflammation (Ruiz et al., 2017). Although 

additional research is required, the theory behind the etiology of reproductive disease supports 

the hypothesis that increased neutrophil availability and function around the time of calving 

should aid in prevention.  

CONCLUSION 

 There is clear evidence of immunosuppression in dairy cattle in the periparturient period. 

Many studies have demonstrated that metritis, endometritis, retained placenta, and consequently 

impaired reproductive performance are associated with this immunosuppression. Granulocyte 

colony-stimulating factor is a safe, effective way to stimulate the production, maturation, and 

release of neutrophils, important for immune defence. The use of pegbovigrastim in dairy cattle 

has shown promise to reduce neutropenia and mastitis, although its effects on reproductive 

diseases are not well-established. Specifically, there has been no investigation of its effect on 

endometritis, a disease which is clearly influenced by neutrophil function and has detrimental 

consequences for cow health and reproduction. Further large-scale research should be conducted 

in high-producing commercial dairy herds to determine whether pegbovigrastim can be used to 

prevent RP, metritis, PVD, and endometritis.  
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RESEARCH OBJECTIVES 

The objectives of the research described in this thesis are to: 

1. Investigate and characterize the effect of pegbovigrastim on circulating leukocyte 

counts and blood metabolites in periparturient dairy cattle 

2. Investigate the effect of pegbovigrastim on mastitis, metritis, retained placenta, 

purulent vaginal discharge, and endometritis disease risk, milk production and 

quality, reproductive performance, and culling risk in periparturient dairy cattle. 
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CHAPTER TWO 

THE EFFECT OF PEGBOVIGRASTIM ON CIRCULATING NEUTROPHIL COUNT 

IN DAIRY CATTLE 

Published as: Van Schyndel, S.J., J. Carrier, O.B. Pascottini, and S.J. LeBlanc. 2018. The effect 

of pegbovigrastim on circulating neutrophil count in dairy cattle: A randomized controlled 

trial. PLoS One 13:1–8.  

INTRODUCTION 

  During the periparturient period, dairy cows are at increased risk of metabolic disorders 

and infectious disease. Diseases associated with the transition period are detrimental to a cow’s 

health and are economically costly for producers. Diseases in early lactation, such as mastitis, 

retained placenta (RP), metritis, purulent vaginal discharge (PVD) and endometritis, can lead to 

high treatment costs, decreased milk production, and impaired reproductive performance 

(Sheldon et al., 2008). The well-documented negative energy balance (NEB) experienced by 

dairy cows in early lactation contributes to a reduction in immune function and a predisposition 

to disease. Uterine disorders and mastitis are associated with decreased neutrophil and 

lymphocyte function, which are in turn associated with decreased dry matter intake (DMI) and 

NEB (Hammon et al., 2006; Stabel at al., 1991). Infection and inflammation trigger cytokines 

and chemokines to direct the production and release of leukocytes from bone marrow, and their 

migration to the site of infection. Granulocyte colony-stimulating factor (G-CSF) is a growth 

factor that stimulates the differentiation of hematopoietic stem cells to granulocytes (Mehta et 

al., 2015). Differentiation and maturation from a myeloblast in the bone marrow compartment to 

a neutrophil in circulation is driven primarily by G-CSF (Mehta et al., 2015). Injection of G-CSF 

stimulates proliferation and increases the number of mature neutrophils in circulation. Daily 

injections of recombinant bovine G-CSF have been shown to significantly reduce immune 

suppression and neutropenia in dairy cattle (Kehrli et al., 1991). Covalently binding polyethylene 
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glycol (PEG) to the recombinant bovine G-CSF protein (PEG-rbG-CSF) allows it to remain in 

circulation 7 to 10 times longer, with increased efficacy (Kimura et al., 2014). Previous studies 

exploring this technology demonstrated increases in circulating neutrophil count and function 

(McDougall et al., 2017; Ruiz et al., 2017), and a decrease in the incidence of clinical mastitis 

(Hassfurther et al., 2015; Canning et al., 2017) compared to control cows.  

The objective of this study was to determine the effects of pegbovigrastim, a 

commercially available form of PEG-rbG-CSF, on complete blood counts in peripheral 

circulation when administered 7 days before anticipated calving and within 24 h after calving, 

according to the product label. In particular, we wanted to evaluate leukocyte counts at both the 

time of each injection and 24 h later and to characterize the response to each treatment. It was 

hypothesized that compared to control cows, treated cows would have elevated neutrophil counts 

following injections. 

MATERIALS AND METHODS  

The study was designed as a double-blind, randomized controlled trial with two treatment 

groups; the present data are a subset from a larger clinical trial. Thirty-four primiparous (n = 15) 

and multiparous (n = 19) Holstein cows were enrolled in two high-producing commercial dairy 

herds in Southern Ontario, Canada. Farm A contributed 19 cows (n = 10 pegbovigrastim; n = 9 

control) and Farm B, 15 cows (n = 8 pegbovigrastim; n = 7 control). All study cows were housed 

in free-stall facilities, fed total mixed rations for ad libitum intake to meet their nutrient 

requirements, had water available ad libitum, and were milked 3 times daily in a parlour. The 

study was approved by the Animal Care Committee of University of Guelph, Ontario, Canada 

(AUP # 3642). Cows were cared for in accordance to the Code of Practice for the Care and 
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Handling of Dairy Cattle (2009) and the farms were licensed and inspected by provincial 

authorities for animal care every second year. Cows were enrolled weekly approximately 7 d 

before their expected calving date (272 to 279 d of gestation). Each cow was randomly assigned 

to receive a 2.7 mL subcutaneous injection of either sterile physiological saline (0.9% sodium 

chloride) or 15 mg of pegbovigrastim (Imrestor; Elanco, Ontario, Canada), according to the label 

directions. Randomization was done formally with lists for each farm, separated by primiparous 

and primiparous cows, using randomization software (Sealed Envelope Ltd. 2016, 

https://www.sealedenvelope.com/simple-randomiser/v1/lists) and balancing treatment 

assignments in permuted blocks of 4 animals. Pre-labelled, pre-filled study syringes identified 

only with a syringe number were refrigerated (2-8°C) until use. Therefore, both investigators and 

farmers were blinded to treatment assignments. All cows received 2 injections of their assigned 

treatment, the first administered one week before expected calving, and the second within 24 h 

after calving. Samples were taken d -7 and d -6 relative to expected parturition, then d 0, d +1, d 

+7, and d +21 relative to actual parturition. In accordance to the product label that states the first 

dose may be administered 4 to 10 days before the anticipated calving date, we only included 

cows for which the interval from the first injection to calving fell within this range. Thus, the 

interval (mean ± SD) from first treatment to calving was 6.7 ± 1.9 d. Approximately 10 mL of 

blood was collected from the coccygeal vessels into evacuated plastic tubes containing EDTA-

K2. Whole blood samples were sent to the University of Guelph Animal Health Laboratory 

(AHL) within 2 h of collection and were analysed using an ADVIA 2120/2120i Hematology 

System machine differential (Siemens Healthcare Diagnostics Inc., Deerfield, IL). The initial 

machine differential did not provide the number of band versus segmented neutrophils. 

Therefore, to further describe the difference between the proportion of band neutrophils and 

https://www.sealedenvelope.com/simple-randomiser/v1/lists
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segmented mature neutrophils, a single blood sample was taken 1 d after injection from 14 

randomly selected cows. Each of these cows were treated with either saline or pegbovigrastim as 

described above, but were separate to the 34 cows detailed below. Samples were sent to the AHL 

within 1 h of collection and underwent an additional manual differential leukocyte assessment.  

All statistical analyses were performed using SAS software, version 9.4 (SAS Institute 

Inc., Cary, NC, USA). Continuous outcomes were log10 transformed if distribution analysis and 

Shapiro-Wilk’s test determined that they were not normally distributed. The effect of 

pegbovigrastim on circulating blood counts was tested using multilevel mixed linear regression 

models. Farm was included as a random effect with compound symmetry covariance structure 

and time was considered a repeated effect, with individual cow as the model subject and an ante-

dependence covariance structure. The following variables were tested: treatment, time, parity, 

body condition score (BCS) at enrollment, the interval between injections, and first-order 

interactions with treatment. A significance level of α = 0.05 was used. Manual backward step-

wise elimination determined the fixed effects of the model. Because the main effects of treatment 

and time were important variables of interest for this study, they were forced into each model. 

Area under the curve (AUC) was calculated for each cow using the trapezoidal method (Cardoso 

et al., 2011) and a mixed linear regression model with farm as a random effect was constructed 

to compare the effect of treatment on neutrophil count AUC throughout the study.  

RESULTS 

Neutrophil, monocyte, eosinophil, and basophil counts were not normally distributed, so 

were log10 transformed. Results are reported as back-transformed least-squares means, with 95% 

confidence intervals (CI). Detailed results are presented in Table 2.1. There were significant 

interactions between treatment and time for neutrophil, lymphocyte, and basophil counts (Figure 
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2.1). Treatment did not have a significant effect on red blood cell, monocyte, or eosinophil 

counts (P = 0.34, P = 0.61, and P = 0.19 respectively), whereas time did for each outcome and 

parity did for red blood cells and monocytes. Pre-partum BCS and the interval between 

injections had no effect on any blood parameters and no interactions with treatment (P > 0.2).  

All hematology counts were relatively constant throughout the study for cows in the control 

group. Cows treated with pegbovigrastim had substantial, additive increases in circulating 

neutrophil counts after each injection. Neutrophil counts in pegbovigrastim-treated cows were 

significantly higher than in control cows on d -6, d 0, d +1 and d +7, (Figure 1) (P < 0.0001). 

After the first injection, neutrophil counts (×109/ L) in pegbovigrastim-treated cows significantly 

increased from 4.3 (CI 3.8-4.8) at d -7 to 18.2 (CI 16.3-20.3) at d -6 (P < 0.0001). Their counts 

then decreased significantly from d -6 to d 0, when the second injection was administered, at a 

rate of -0.31 ×109 neutrophils/L/day (P < 0.0001). After the second injection, neutrophil counts 

increased from 16.4 (CI 13.7-19.6) at d 0 to 32.8 (CI 25.2-42.7) at d +1 (P < 0.0001), after which 

counts decreased at a rate of -3.73 ×109 neutrophils/L/day until d +7 (P < 0.0001). Counts 

continued to decrease from d +7 to d +21 at a slower rate of -0.43 ×109 neutrophils/L/day (P < 

0.0001), until baseline levels were reached. Conversely, in control cows, neutrophil counts were 

unchanged from d -7 to d -6 (P = 0.86) after the first injection and then decreased from 6.1 (CI 

5.0-7.3) at d 0, to 3.2 (CI 2.4-4.2) at d +1 (P < 0.0001) after the second injection. The AUC (cells 

×109/ L per 28 d) for neutrophil counts in the pegbovigrastim-treated group was 429, versus 99 

in the control group (P < 0.0001). In the separate group of cows with the manual differential 

leukocyte assessment, those in the control group (n=5) had no band cells detected, with 100% 

segmented neutrophils. On average in the pegbovigrastim group (n=9), band cells represented 
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5% (ranging from 1.3% to 9.6%) of the total neutrophil count, with the rest being segmented 

mature neutrophils.  

DISCUSSION  

This study is the first to report neutrophil counts at both the time of injection and the 

response 24 h following each injection of pegbovigrastim. Cows that received pegbovigrastim 

had significant, marked increases in neutrophil counts by approximately 15 x 109/L, 24 hours 

after each injection. The increased neutrophil count was expected, since G-CSF is a growth 

factor related specifically to neutrophil differentiation (Mehta et al., 2015). Cows were able to 

sustain the elevated count after the first injection throughout the time leading up to calving. We 

show that there is another significant elevation in neutrophil count on d +1, 24 hours after the 

second injection. This increase is similar in magnitude to the increase at d -6 and results in an 

absolute count approximately 10 times that of the control group. According to Paape et al. 

(2002), bovine neutrophils require 10 to 14 d to fully mature from a myeloblast to a mature 

neutrophil in bone marrow. In marrow, maturative pools contain metamyelocytes and band cells, 

while storage pools contain band cells and mature neutrophils (Jain, 1976). Naturally in a cow, 

cells in storage pools appear in circulation after 7 days, where they have a short half-life of about 

9 h (Jain, 1976; Paape et al., 2002). The nearly immediate increase in circulating neutrophil 

count following pegbovigrastim injection is hypothesized to be the stimulated release of cells 

from storage pools in bone marrow, containing both band cells and mature neutrophils. In treated 

cows, 5% of neutrophils in circulation were band cells, but no band cells were found in control 

cows, suggesting that pegbovigrastim stimulates the release of both immature and mature storage 

pools, but primarily the latter. The speed and magnitude of the observed increases in neutrophil 
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counts indicate that there is a considerable reserve of mature and band cells in the bone marrow 

of transition dairy cows.  

There is a substantial transient increase in circulating cortisol concentrations at 

parturition which causes down-regulation of expression of L-selectin on neutrophils, resulting in 

a release of marginated neutrophils to circulation (Burton et al., 1995), which would be expected 

to increase counts in circulation. However, consistent with other studies, in control cows, there 

was a slight decrease in neutrophil count immediately following parturition, consistent with 

mature neutrophils leaving circulation and migrating to sites of inflammation or infection, likely 

the uterus and udder (Moretti et al., 2016). The rates of decrease in circulating neutrophil counts 

after injection of pegbovigrastim were lower than would be expected based on the reported half-

life of neutrophils (Paape et al., 2002), which is consistent with the combined effects of the 

treatment to provide ongoing stimulation of maturation and release, as well as to inhibit 

apoptosis of neutrophils (van Raam et al., 2008). 

Because the pegbovigrastim group had a significantly greater number of circulating 

mature neutrophils after parturition, cows may be better equipped to fight off pathogens, 

consistent with the lower incidence of clinical mastitis reported in clinical trials (Hassfurther et 

al., 2015; Ruiz et al., 2017). At 7 d post-partum, there was still a significant difference between 

treatment groups, but no longer at 21 d. This provides the cow with an elevated immune capacity 

throughout the first 1 to 2 weeks of lactation when the risk of mastitis and reproductive disease is 

high. Our results regarding neutrophil count are consistent with previous studies. Others reported 

immediate increases in neutrophil count following the first injection (Hassfurther et al., 2015; 

Canning et al., 2017; McDougall et al., 2017) or second injection (Kimura et al., 2014), similar 

in magnitude to those found in the current study. However, until now these responses have not 
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been compared to the neutrophil count at the time of injections. Kimura et al. (2014) also 

analyzed band cell counts to find very few band cells present in control cows, and a significantly 

elevated number of band cells in treated cows, especially in response to the second injection. Our 

results suggest that the responses to pegbovigrastim do not deplete storage pools of mature 

neutrophils because the response to the second injection was of the same absolute magnitude as 

the first, and the great majority of these cells were segmented neutrophils. 

Treatment had no effect on RBC count, also an expected result, because erythrocytes are 

differentiated from myeloid progenitor cells, stimulated by different growth factors (Mehta et al., 

2015). Basophils, eosinophils, and monocytes, like neutrophils, are all derived from myeloblasts, 

but their differentiation is directed by growth factors other than G-CSF. The lack of effect of 

treatment on eosinophil and monocyte counts shows that pegbovigrastim does not influence their 

circulating levels. Lymphocytes are derived from lymphoid progenitors and should therefore not 

be affected by G-CSF. However, treatment did have a significant effect on lymphocyte count at d 

-6, although counts were broadly stable over time for both treatment groups, and it is unclear if 

this transient difference is of biological importance. In contrast to this result, McDougall et al. 

(2017) reported a substantial response to treatment in both monocyte and lymphocyte counts.  

CONCLUSION 

We conclude that injection of pegbovigrastim triggers a prompt and sustained increase in 

circulating neutrophil count in periparturient dairy cows. The injection of pegbovigrastim one 

week prior to the expected calving date triggers a rapid increase in neutrophil count. There was 

an additive increase following the second injection. The contribution of approximately 5% band 

cells to the responses in pegbovigrastim-treated cows demonstrates that this rapid increase is 

most likely a release from bone marrow storage pools instead of maturative pools, but that the 
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storage pool reserve is not depleted by pegbovigrastim. We encourage additional large-scale 

randomized controlled trials to confirm the effects of pegbovigrastim on the risk of reproductive 

and infectious disease in dairy cows during the transition period.   
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Figure 2.1. Back-transformed estimated means and 95% confidence intervals of circulating 

blood neutrophil, lymphocyte, and basophil counts (x109/L) for cows treated with subcutaneous 

injection of pegbovigrastim (n= 18) (solid line) or saline (n= 16) (dashed line) at d -7 and d 0. * 

indicate significant differences (P < 0.05) between pegbovigrastim and saline groups. 
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Table 2.1 Back-transformed mean estimates, 95% confidence intervals (CI) and P-values (differences of least squares means) of 

neutrophils, lymphocytes, and basophils (x109/L) for cows treated with subcutaneous injection of pegbovigrastim or saline (control) 7 

days before expected calving and within 24 hours after calving 

 

-7 -6 0 1 7 21 Treatment Time

Treatment 

x Time Parity

Leukocyte Type Treatment Group

Neutrophils Control 4.01 (3.51-4.58) 4.05 (3.60-4.55) 6.06 (5.01-7.34) 3.2 (2.42-4.23) 2.15 (1.57-2.96) 3.29 (2.65-4.09) <0.0001 <0.0001 <0.0001 0.0001

(x 109 /L) PEG-rbG-CSF 4.28 (3.77-4.84) 18.21 (16.30-20.33) 16.36 (13.66-19.58) 32.8 (25.22-42.66) 10.39 (7.70-14.02) 4.37 (3.56-5.36) 

P  value 0.46 <0.0001 <0.0001 <0.0001 <0.0001 0.05

Lymphocytes Control 2.97 (2.16-3.78) 2.68 (1.81-3.54) 2.45 (1.61-3.29) 2.61 (1.73-3.50) 2.73 (1.90-3.56) 2.63 (1.79-3.47) 0.04 <0.0001 0.04 <0.0001

(x 109 /L) PEG-rbG-CSF 2.77 (1.97-3.57) 1.67 (0.92-2.52) 2.32 (1.29-3.15) 2.39 (1.52-3.25) 2.2 (1.38-3.02) 2.71 (1.88-3.53) 

P  value 0.41 0.002 0.66 0.51 0.05 0.78

Basophils Control 0.06 (0.03-0.1) 0.05 (0.03-0.1) 0.02 (0.01-0.04) 0.03 (0.02-0.06) 0.04 (0.02-0.08) 0.04 (0.02-0.09) 0.0009 <0.0001 <0.0001 0.001

(x 109 /L) PEG-rbG-CSF 0.03 (0.02 - 0.07) 0.08 (0.04-0.1) 0.08 (0.04-0.1) 0.5 (0.3-1.1) 0.03 (0.02-0.06) 0.03 (0.01-0.05)

P  value 0.14 0.24 0.002 < 0.0001 0.48 0.24

Sample P- Value

Mean (95% Confidence Interval)
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CHAPTER THREE 

EFFECT OF PEGBOVIGRASTIM ON CIRCULATING METABOLITES IN DAIRY 

CATTLE 

INTRODUCTION 

Periparturient cows often develop metabolic disease due to changes in dietary intake and 

the homeorhetic mechanism, by which nutrient and energy partitioning is prioritized in favour of 

milk production (Bauman et al., 1980; LeBlanc, 2010). Diseases such as milk fever, ketosis, and 

fatty liver occur within the first 2 weeks postpartum and are a result of the cow’s inability to 

adapt to a negative energy balance (NEB), maintain blood calcium or minimize circulating 

concentrations of ketone bodies and non-esterified fatty acids (NEFA).  

Parturient paresis (milk fever) is characterized by a rapid decline in circulating calcium 

concentration as a substantial amount of calcium is directed to the formation of colostrum. Cows 

must then replenish blood calcium levels by increasing intestinal absorption or increasing bone 

calcium resorption (Horst et al., 1997). If the balance between the recruitment of calcium to the 

mammary gland and replenishment from the diet or bone is disturbed and extracellular calcium 

concentrations are too low, there is a disruption in neuromuscular function, which is 

characteristic of clinical milk fever (Horst et al., 1997). Milk fever has negative implications on 

milk production and predisposes cows to displaced abomasum, ketosis, and an increased risk of 

culling (Seifi et al., 2011).   

In early lactation, there is a period of peripheral insulin resistance and a decrease in 

insulin production to spare glucose for milk production, resulting in low blood concentrations of 

glucose. This leads to increased lipolysis and release of NEFA into circulation (Ospina et al., 

2013). The liver removes ~15 to 20% of total NEFA from circulation, either through complete 

oxidation to adenosine triphosphate, packaging into low-density lipoproteins, conversion to 
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ketone bodies, or storage as triglycerides in the liver (Ospina et al., 2013). The 3 main ketone 

bodies found in dairy cattle are acetone, acetoacetate, and predominantly β-hydroxybutyrate 

(BHB). Although increased circulating concentrations of NEFA and BHB are inevitable 

adaptations to lactation, and act as important alternative fuel sources, elevated concentrations are 

associated with decreased milk production, decreased immune function, predisposition to 

metabolic and infectious disease, and reduced reproductive performance (Duffield et al., 2009; 

LeBlanc, 2010). Thresholds of circulating NEFA and BHB (hyperketonemia) associated with 

undesirable outcomes have been studied extensively. The most common cut-points for elevated 

NEFA are ≥ 0.3 or 0.4 mmol/L prepartum and ≥ 0.7 or 1.0 mmol/L in the first week postpartum, 

and for BHB ≥ 0.7 mmol/L prepartum and ≥ 1.2 or 1.4 mmol/L in the first 2 weeks postpartum 

(Duffield, 2000; LeBlanc, 2010; Ospina et al., 2013; Compton et al., 2015; Overton et al., 2017).  

Haptoglobin, a positive acute phase protein, is responsible for reducing oxidative damage 

during inflammation by binding free haemoglobin which can be toxic and pro-inflammatory 

(Murata et al., 2004). Elevated concentrations of circulating haptoglobin are associated with 

uterine bacterial contamination and precede metritis and endometritis (Huzzey et al., 2008; 

Dubuc et al., 2010; Bossaert et al., 2012). Albumin is a negative acute phase protein, 

concentrations of which decrease during inflammation or infection (Fleck, 1989; Bossaert et al., 

2012). Decreased circulating concentrations of cholesterol have been associated with various 

inflammatory conditions in cattle, such as displaced abomasum and metritis (Sepulveda-Varas et 

al., 2015; Overton et al., 2017). Blood concentrations of haptoglobin, albumin, and cholesterol 

are thus often used as diagnostic tests in clinical veterinary medicine, but also to assess disease 

risk prospectively. 
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Circulating concentrations of BHB, NEFA, glucose, albumin, cholesterol, haptoglobin, 

and calcium can thus be used as indicators of metabolic stress, inflammation, or metabolic 

disease. The objective of the study was to characterize the effect of pegbovigrastim, when 

administered according to label, 7 d before anticipated calving and within 24 h after calving, on 

circulating metabolites that are used to monitor metabolic health and to classify disease risk in 

dairy cattle. Given its mode of action, the hypothesis was that pegbovigrastim would not have 

direct effects on any of the measured metabolites.  

MATERIALS AND METHODS 

This study was a sub-group analysis within a double-blind, randomized controlled trial 

reported in detail in Chapter 4, conducted from June 2017 to September 2017 in 2 high-

producing dairy herds in Southwestern Ontario. Two hundred forty-seven cows were randomly 

assigned to receive 2.7 mL of either pegbovigrastim (n=121) or saline (n=125) 7 days prior to 

anticipated calving date (272 to 279 days of gestation) and again within 24 hours after calving. 

This subset included 86 primiparous cows and 160 multiparous cows.  

For the analysis of BHB, NEFA, glucose, albumin, cholesterol, haptoglobin, and calcium, 

cows were sampled during weekly visits 1 week prior to calving (272 to 279 d of gestation), and 

weeks 1 and 2 after calving. In addition, BHB was measured on farm during week 3, using a 

validated cow-side meter (Precision Xtra; Abbott Laboratories, Illinois, USA). During weeks -1, 

1, and 2, approximately 10 mL of blood was collected from the coccygeal vessels into evacuated 

tubes (Becton Dickinson, New Jersey, USA), allowed to clot and then centrifuged at 3000 × g for 

15 minutes, within 2 hours of collection. Serum was separated into clean sample tubes (Sarstedt 

Inc., North Carolina, USA) and frozen at -20°C until sent to the University of Guelph Animal 

Health Laboratory (AHL) for analysis. Analyses were performed using a Roche/Hitachi Cobas 
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6000 c501 Analyzer (Roche Diagnostics GmbH, Mannheim, Germany) for albumin, calcium, 

cholesterol, and glucose. Methods for BHB and NEFA were adapted to run on the Cobas 6000 

c501 Analyzer, using reagents from Randox Laboratories (GMI Inc, Minnesota, USA). 

Haptoglobin concentrations were analyzed using proprietary methods of AHL, based on the 

work of Skinner et al. (1991) and Makimura and Suzuki (1982).  

Data entry, cleaning and validation were done using Microsoft Excel (Microsoft 

Corporation, Redmond, Washington, USA) and all statistical analyses were performed with SAS 

software, version 9.4 (SAS Institute Inc., Cary, NC, USA). Histogram and normal quantile plots 

were used to evaluate normality of continuous dependent variables, which were transformed if 

they did not meet normality assumptions. Scatter plots were constructed for continuous variables 

to evaluate biologically implausible outliers, of which there were none. The continuous 

dependent variables investigated were: BHB, NEFA, glucose, albumin, cholesterol, haptoglobin, 

and calcium for weeks -1, 1, and 2. Because BHB at week 3 was measured using a different 

method (cow-side Precision Xtra versus laboratory Cobas Analyzer), it was assessed separately. 

BHB was also categorized as positive and negative, with cut-points of ≥ 0.7 mmol/L prepartum, 

and ≥ 1.2 mmol/L postpartum (Ospina et al., 2013). NEFA was similarly evaluated with both 

cut-points ≥ 0.3 and ≥ 0.4 mmol/L prepartum, and ≥ 0.7 and ≥ 1.0 mmol/L postpartum (LeBlanc 

et al., 2012; Ospina et al., 2013). The effect of pegbovigrastim on circulating metabolites was 

analysed using multilevel mixed linear regression models (MIXED procedure in SAS). Farm was 

considered a random effect with a compound symmetry covariance structure and time was 

included as a repeated effect, with cow as the model subject and an ante-dependence covariance 

structure. Considering the results of Zinicola et al. (2018) regarding lower BHB concentration in 

primiparous cows treated with pegbovigrastim, BHB was also stratified by parity. BHB and 
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NEFA were also analyzed as binary outcome variables, using logistic regression models 

(GLIMMIX procedure in SAS), with farm as a random effect. Univariable models were 

constructed and independent variables were offered to a multivariable model if their associated P 

< 0.2. The following variables were tested: treatment, time, parity (primiparous or multiparous), 

BCS at enrollment, and first-order interactions with treatment. Manual backward step-wise 

elimination using a significance level of P < 0.05 determined the fixed effects of the model with 

treatment forced into each model, as it was the main variable of interest.  

RESULTS 

Detailed results from all multivariable analyses can be found in Table 3.1 and graphical 

representations of metabolite levels between treatment groups are displayed in Figure 3.1. 

Treatment had a significant effect on the continuous measures of BHB, NEFA, cholesterol, 

glucose, and albumin. There were no significant effects of treatment, or interactions of other 

variables, with treatment on BHB at week 3, haptoglobin, or calcium. All variables were affected 

by time, and both glucose and albumin were affected by treatment × time interactions. Parity 

affected continuous measures of BHB, BHB at week 3, NEFA, glucose, haptoglobin, and 

calcium and there was a significant treatment × parity interaction for NEFA. When stratified by 

parity, continuous BHB was higher in pegbovigrastim-treated primiparous cows, compared to 

control primiparous cows (0.48 versus 0.43 mmol/L) (P = 0.006), whereas there were no 

treatment differences in multiparous cows (P = 0.10). Prepartum BCS was associated with 

albumin but no other variables. BHB was not associated with treatment at any time point when 

categorized as ‘positive’ or ‘negative’. NEFA was also not associated with treatment at any time 

points when categorized using prepartum cut-points of ≥ 0.3 and 0.4 mmol/L, or postpartum cut-
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points of ≥ 0.7 and 1.0 mmol/L. The prevalence of cows in each treatment group with elevated 

levels of BHB or NEFA can be found in Table 3.2.  

DISCUSSION 

The results of this study show that pegbovigrastim does not have any biologically 

important effects on the metabolic status of dairy cows, as indicated by the widely-used markers 

examined here. Treatment with pegbovigrastim significantly increased serum concentrations of 

cholesterol, and BHB and NEFA in primiparous cows, but the differences were not substantial. 

Zinicola et al. (2018) showed a lower incidence of hyperketonemia in heifers treated with 

pegbovigrastim, compared to control cows. In contrast, BHB as a continuous measurement was 

significantly higher in pegbovigrastim-treated heifers in the current study, although the 

magnitude of the difference was small. Since the overall prevalence of elevated BHB in 

primiparous cows was very low (2.3%, 2.3%, 1.2% in weeks 1, 2, and 3, respectively), we could 

not accurately determine whether treatment affected the incidence of hyperketonemia, which 

makes direct comparison with Zinicola et al., (2018) difficult. Kimura et al. (2014) reported no 

significant pegbovigrastim treatment effect on serum NEFA concentration, and although there 

was a small treatment effect by parity on continuous measures of NEFA in the current study, 

there were no differences in the number of cows designated as having elevated NEFA 

concentrations. Circulating concentrations of glucose were lower in the pegbovigrastim group, 

which may be correlated with the higher levels of BHB and NEFA, although the differences in 

the current study are not substantial enough to draw conclusions in this regard. Similar to 

McDougall et al. (2017), there were no differences in blood calcium status, suggesting that even 

though its mode of action does not suggest that it would, we confirmed that pegbovigrastim does 

not affect calcium homeostasis. Albumin concentration was slightly lower in pegbovigrastim-
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treated cows than control cows at week 2, possibly indicating a mild inflammatory response in 

the treated cows (Overton et al., 2017). Conversely, cholesterol was higher overall in treated 

cows, whereas other studies have shown a lower concentration of cholesterol in cows 

experiencing an inflammatory response (Bossaert et al., 2012; Sepulveda-Varas et al., 2015; 

Overton et al., 2017). An inflammatory response would also be expected to cause an increase in 

circulating haptoglobin (Bossaert et al., 2012), which was not seen in this study.  

CONCLUSION 

In summary, pegbovigrastim treatment did not have any substantial effects on circulating 

metabolites used to monitor metabolic health responses in the periparturient cow. Although 

pegbovigrastim affected BHB, cholesterol, and albumin at various time points, these were not 

meaningful differences.   
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Table 3.1 Back-transformed mean estimates, 95% confidence intervals (CI) and P-values from 

multivariate analyses of circulating concentration of metabolites in 300 cows administered either 

pegbovigrastim (n=or saline (control) 7 days before expected calving and within 24 hours after 

calving 

BHB (mmol/L)* Estimate 95% CI P-value 

Treatment   0.013 

Pegbovigrastim 0.54 0.43-0.68  
Control  0.50 0.40-0.63  

Time   <0.0001 

-1 0.40 0.27-0.60  
1 0.61 0.40-0.91  
2 0.58 0.39-0.87  

Parity   <0.0001 

Primiparous 0.48 0.32-0.71  
Multiparous 0.57 0.38-0.86  

Week 3 BHB (mmol/L)*     
Treatment   0.32 

Pegbovigrastim 0.65 0.48-0.90  
Control  0.61 0.45-0.84  

Parity   <0.0001 

Primiparous 0.47 0.34-0.65  
Multiparous 0.85 0.62-1.17  

NEFA (mmol/L)*     
Time   <0.0001 

-1 0.21 0.14-0.32  
1 0.62 0.41-0.94  
2 0.46 0.30-0.69  

Treatment × parity   0.015 

Pegbovigrastim × Primiparous 0.35 0.23-0.54  
Control × Primiparous 0.30 0.19-0.46  

Pegbovigrastim × Multiparous 0.45 0.29-0.68  
Control × Multiparous 0.50 0.33-0.76  

Cholesterol (mmol/L)*     
Treatment   0.023 

Pegbovigrastim 2.2 2.0-2.4  
Control  2.0 1.8-2.2  

Time   <0.0001 

-1 2.1 1.9-2.3  
1 1.9 1.7-2.1  
2 2.3 2.1-2.6  

Glucose (mmol/L)     
Parity   <0.0001 

Primiparous 2.8 2.5-3.2  
Multiparous 2.5 2.1-2.8  

Treatment × time   <0.0001 

Pegbovigrastim × week-1 3.0 2.6-3.4  
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Control × week-1 3.1 2.7-3.5  
Pegbovigrastim × week1a 1.9 1.5-2.3  
Control × week1a 2.9 2.5-3.3  
Pegbovigrastim × week2b 2.3 1.9-2.7  
Control × week2b 2.8 2.4-3.2  

Albumin (g/L)**     
Prepartum Body Condition Score   0.046 

<3.75 34.1 32.7-35.5  
≥3.75 34.6 33.2-35.9  

Treatment × time   0.045 

Pegbovigrastim × week-1 35.5 34.2-36.8  
Control × week-1 35.4 34.1-36.6  
Pegbovigrastim × week1 33.9 32.5-35.3  
Control × week1 34.2 32.7-35.5  
Pegbovigrastim × week2c 33.0 31.4-34.5  
Control × week2c 34.0 32.5-35.4  

Haptoglobin (g/L)*     
Treatment   0.46 

Pegbovigrastim 0.26 0.19-0.36  
Control  0.27 0.20-0.37  

Time   <0.0001 

-1 0.17 0.12-0.23  
1 0.48 0.35-0.67  
2 0.23 0.17-0.31  

Parity   0.034 

Primiparous 0.25 0.18-0.35  
Multiparous 0.28 0.20-0.38  

Calcium (mmol/L)**     
Treatment   0.21 

Pegbovigrastim 2.33 2.31-2.34  
Control  2.32 2.30-2.33  

Time   <0.0001 

-1 2.38 2.37-2.40  
1 2.24 2.21-2.26  
2 2.34 2.33-2.37  

Parity   0.0007 

Primiparous 2.34 2.33-2.36  
Multiparous 2.30 2.29-2.32  

*variables were log10 transformed 
**variables were cubic transformed 
a, b, c estimates are significantly different between treatment groups (P < 0.0001, P < 0.0001, and 
P = 0.04, respectively)  
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Table 3.2 Proportion (%) and number (n) of cows with elevated BHB or NEFA in each 

treatment group at various postpartum sampling times 

 % (n) P-value 

 Pegbovigrastim Control  
BHB (≥ 1.2 mmol/L)    

Week 1  12 (14/120) 5 (6/126) 0.06 

Week 2 11 (13/121) 6 (7/125) 0.16 

Week 3 16 (19/120) 15 (18/124) 0.84 

NEFA (≥ 0.7 mmol/L)    
Week 1  50 (60/120) 44 (55/126) 0.32 

Week 2 27 (33/121) 30 (37/125) 0.66 

NEFA (≥ 1.0 mmol/L)    

Week 1  28 (34/120) 26 (33/126) 0.72 

Week 2 8 (10/121) 15 (19/125) 0.08 
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Figure 3.1: Back-transformed estimates and 95% confidence intervals of circulating 

concentration of β-hydroxybutyrate (BHB), non-esterified fatty acids (NEFA), glucose, 

haptoglobin, calcium, albumin, and cholesterol for cows treated with pegbovigrastim (n=121; 

solid blue line) or saline (n=125; dashed orange line) at w -1 and w 0. * indicate significant 

differences (P < 0.05) between groups 
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CHAPTER FOUR  

THE EFFECT OF PEGBOVIGRASTIM ON EARLY LACTATION DISEASE, 

PRODUCTION, AND REPRODUCTION IN DAIRY CATTLE 

INTRODUCTION 

 During the periparturient period, it is well-documented that dairy cattle experience 

alterations in immune function that can negatively affect health, milk production, and 

reproduction in early lactation. Specifically, around parturition, there is a decrease in the number 

and function of circulating neutrophils, which are considered the primary immune cells involved 

in inflammation and the elimination of infection (Kehrli et al., 1989; Mallard et al., 1998; Moyes 

et al., 2014). Changes in the metabolic status of the cow cause negative effects on neutrophil 

gene expression, superoxide anion production, random migration, phagocytosis, oxidative burst, 

and myeloperoxidase (MPO) activity and production by neutrophils (Gilbert et al., 1993; 

Dosogne et al., 1999; Rinaldi et al., 2008; Moyes et al., 2014; Crookenden et al., 2015).  

 Altered immune function, which is primarily characterized by reduced function and 

circulating numbers of neutrophils, contribute to increased risk of infectious disease including 

retained placenta (RP), metritis, endometritis, and mastitis (Gunnink, 1984; Cai et al., 1994; 

Kimura et al., 2002; Hammon et al., 2006; Moretti et al., 2016). Gunnink (1984) determined that 

the occurrence of RP was correlated with decreased leukocyte activity in the days before 

parturition. Similarly, compared to cows that did not develop RP, Kimura et al. (2002) reported 

lower neutrophil function 2 weeks before calving to 2 weeks postpartum and Moretti et al. 

(2016) found lower circulating neutrophil counts at the time of parturition, in cows that 

developed RP. The killing ability of neutrophils in cows with metritis or mastitis was 

significantly impaired before parturition (Cai et al., 1994). Blood neutrophil function, as 

measured by myeloperoxidase activity and cytochrome c reduction activity, was lower in cows 
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that were subsequently diagnosed with metritis or subclinical endometritis (SCE), compared to 

healthy cows (Hammon et al., 2006).  

Infection of the reproductive tract contributes to delayed resumption of postpartum 

ovarian activity, with undesirable effects on conception and the time from parturition to 

pregnancy (LeBlanc et al., 2002; Sheldon et al., 2009; Deguillaume et al., 2012; Kadivar et al., 

2014). Severe negative energy balance and uterine inflammation alters follicular growth and 

delays postpartum ovulation (Mateus et al., 2002; Dubuc et al., 2012). High levels of uterine 

pathogenic bacteria cause slower growth of the first postpartum dominant follicle, smaller corpus 

lutea, and lower concentrations of circulating progesterone (Williams et al., 2007). Cows that 

ovulate by 21 days in milk (DIM) have shorter time to pregnancy, compared to those that ovulate 

later in lactation, or remain anovular by 63 DIM (Dubuc et al., 2012).  

 Upon contamination of the uterus, toll-like receptors and detection of pathogen-

associated molecular patterns (PAMPs), activate the immune system, and cytokines and 

chemokines signal the migration of neutrophils from circulation (Sheldon et al., 2009). However, 

because of impairment in innate immunity at parturition, the functional response of neutrophils 

may be reduced. Administration of recombinant bovine granulocyte colony-stimulating factor 

(rbG-CSF; pegbovigrastim) in periparturient dairy cattle reverses this state of neutropenia by 

eliciting a dramatic increase in the circulating count of neutrophils by up to 6-fold that of control 

cows (Kehrli et al., 1991; Hassfurther et al., 2015; McDougall et al., 2017; Canning et al., 2017). 

It has also been shown to increase the exocytosis of MPO by approximately 20% (McDougall et 

al., 2017), although stimulated MPO was decreased by pegbovigrastim by about 25% 

(McDougall et al., 2017), and no differences between treatment groups have been reported for 

neutrophil superoxide release, oxidative burst, or phagocytic activity (Kimura et al., 2014; 
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McDougall et al., 2017). Pegbovigrastim has been shown to decrease the incidence of clinical 

mastitis in early lactation by approximately 25% in several studies (Nickerson et al., 1989; 

Hassfurther et al., 2015; Canning et al., 2017; Ruiz et al., 2017), increase the odds of 

insemination by 100 DIM (Ruiz et al., 2017), and increase milk production in cows affected by 

mastitis or metritis (Ruiz et al., 2017). It is theorized that the elevated number of mature 

neutrophils in peripheral circulation leads to an increased capacity to respond effectively to 

invading bacterial pathogens.  

The objective of this randomized controlled clinical trial was to evaluate the effect of 

pegbovigrastim on early lactation disease, milk production, and reproduction on Canadian 

commercial dairy farms. It was hypothesized that the dramatic increase in the number of 

circulating neutrophils after injection of pegbovigrastim, documented in Chapter 2, would lead to 

a greater influx of neutrophils to the uterus soon after calving, which is shown to be associated 

with decreased subsequent prevalence of endometritis and shorter time to pregnancy (Gilbert and 

Santos, 2016). This in turn would enable the cow to eliminate bacteria before the establishment 

of infection, thus lowering the incidence of reproductive disease early postpartum. With a focus 

on reproduction, it was hypothesized that administration of pegbovigrastim would lower the 

incidence of reproductive disease, thus improving reproductive performance in terms of 

anovulation and pregnancy outcomes.   

MATERIALS AND METHODS 

Animal Sampling 

This study was a double-blind randomized controlled trial performed in 2 commercial 

herds in Southwestern Ontario and 4 commercial herds in Western Quebec, from January 2017 

to March 2018. Sample size was determined by accounting for the main outcomes of RP, 
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metritis, clinical mastitis, PVD, endometritis, milk production, and reproductive performance, 

using a significance level of α = 0.05 and 80% power. The target sample size before adjustment 

for losses was 1,472 cows and accounting for an 8% loss to follow-up, 1,600 cows. Details 

regarding the sample size determination can be found in Appendix 1.1. Herds were selected 

based on previous research cooperation with the Ontario Veterinary College of the University of 

Guelph, or the Faculté de Médicine Vétérinaire de l’Université de Montréal. Each farm was also 

required to participate in Dairy Herd Improvement (DHI) milk recording and to maintain 

consistent disease recording, using standardized definitions provided by the investigators. All 

cows were randomly assigned to receive two 2.7 mL subcutaneous injections of either sterile 

physiological saline (0.9% sodium chloride) or 15 mg of pegbovigrastim (Imrestor; Elanco, 

Ontario, Canada). Randomization was done formally with lists for each farm, separated by 

primiparous and primiparous cows, using randomization software (Sealed Envelope Ltd. 2016, 

https://www.sealedenvelope.com/simple-randomiser/v1/lists) and balancing treatment 

assignments in permuted blocks of 4 animals. Pre-labelled, pre-filled study syringes identified 

only with a syringe number were refrigerated (2 to 8°C) until use. Both the investigators and the 

producers were blinded to treatment assignment. All cows received 2 injections of their assigned 

treatment, the first administered by the investigators one week before expected calving (272-279 

days of gestation), and the second by farm personnel within 24 h after calving, according to the 

product label. Animal use was approved by the Animal Care Committee of the University of 

Guelph, Animal Utilization Protocol #3642.  

Each farm was visited weekly and blood was collected for the measurement of 

progesterone (P4) concentration at w 3 (15 to 21 DIM) w 5 (29 to 35 DIM), w 7 (43 to 49 DIM), 

and w 9 (57 to 63 DIM), relative to calving. Endometrial cytology samples and evaluation of 

https://www.sealedenvelope.com/simple-randomiser/v1/lists
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vaginal discharge (VD) were performed at w 5, and BCS was recorded at w -1, w 5, and w 9, 

relative to calving. Research technicians involved in the scoring of BCS, PVD, and SCE were 

trained by experienced veterinarians using standardized scoring systems.  

For the analysis of P4, approximately 10 mL of blood was collected from the coccygeal 

vessels into evacuated tubes without anticoagulant (Becton Dickinson, New Jersey, USA), 

allowed to clot and then centrifuged at 3000 × g for 15 minutes, within 2 hours of collection. 

Serum was separated into clean tubes (Sarstedt Inc., North Carolina, USA) and frozen at -20°C 

until analysis. Progesterone was measured using a validated enzyme-linked immunosorbent 

assay (ELISA) kit (Ovucheck Plasma, Biovet, Quebec, Canada), with a kit range of 

quantification from 0.891 to 11.22 ng/mL. The mean intra-assay coefficient of variation (CV) 

was 7.9% (n=38) and the mean inter-assay CV was 11.8% (n=21), as calculated from a random 

subset of 128 plates. At w 5, VD was evaluated using the Metricheck device (Simcrotech, 

Hamilton, New Zealand) (Pleticha et al., 2009) and scored as 0 = clear mucus, 1 = mucus with 

flecks of pus, 2 = mucopurulent discharge (≤ 50% pus), and 3 = purulent discharge (˃ 50% pus). 

Endometrial cytology samples were then collected using the cytobrush method (Kasimanickam 

et al., 2005; Barlund et al., 2008; Dubuc et al., 2010) using a Puritan Histobrush (Puritan Medical 

Products Co LLC, Maine, USA) screwed into an adapted stainless-steel insemination rod, 

surrounded by a second protective steel rod and a disposable plastic sanitary sheath. Immediately 

following collection, the cytobrush was gently rolled onto a clean microscope slide (Fisher 

Scientific, New Hampshire, USA), air-dried, sprayed with CytoPrep cytology fixative (Fisher 

Scientific, New Hampshire, USA) and placed in a slide box. Slides were stained with Hema-3 

fixative and solutions (Fisher Scientific, New Hampshire, USA) and the C300 method suggested 

by Melcher et al. (2014), in which 300 cells at a magnification of 100× are counted per slide, was 
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used for the evaluation of slides. Evaluation was performed using light microscopy (Zeiss, 

Oberkochen, Germany) by 2 observers, with an interobserver Cohen’s Kappa agreement of 0.76 

(CI = 0.58 to 0.94). Body condition was scored on a standardized 5-point scale, in 0.25-point 

increments (Ferguson et al., 1994).  

Disease Definitions 

 The main outcomes were the incidence risk of RP, metritis, clinical mastitis, DA, PVD, 

and endometritis in the first 63 DIM. All producers were given explicit instructions with respect 

to disease definitions for RP, metritis, and clinical mastitis at the start of the study and were 

directed to record cases of disease throughout the study period (Appendix 1.2). Disease events 

were recorded either in DairyComp 305 (DC305; CanWest DHI, Ontario, Canada) or on the 

supplied project forms (Appendix 1.3). Dystocia was defined as difficult parturition requiring 

either > 15 minutes of human assistance, mechanical assistance, or surgery. Retained placenta 

was defined as fetal membranes still visible 24 hours after the first observation of calving 

(Sheldon et al., 2006). Cows were to be inspected daily by producers for metritis and those with 

foul-smelling vaginal discharge had their temperature taken and recorded. Metritis was defined 

as the presence of fetid or foul-smelling vulvar discharge, with or without fever > 39.5°C. 

Clinical mastitis was scored according to severity: visibly abnormal milk only was a score of 1; 

visibly abnormal milk with swelling or redness of the udder was a 2, and visibly abnormal milk 

with systemic signs of illness was a 3. Cows were considered to have subclinical mastitis at test-

days 1, 2, or 3 if SCC > 200,000 cells/mL. Displaced abomasum was diagnosed by a 

veterinarian, with dislocation and gas distention of the abomasum and auscultation of a 

characteristic tympanic resonance (“ping”). Cows were considered to have PVD if VD, using the 

Metricheck device, was classified as a score of 2 or 3 (mucopurulent or purulent) (LeBlanc et al., 
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2002). Cows with > 5% PMNs among nucleated cells on endometrial cytological evaluation 

were diagnosed as having endometritis (Melcher et al., 2014). Those with > 5% PMNs but 

without PVD were diagnosed as having SCE. Those diagnosed with both endometritis and PVD 

were referred to as PVD+SCE. Cows were considered to have cycled if the progesterone 

concentration > 1.0 ng/mL (Stevenson et al., 2006).  

Statistical Analyses 

 Data were recorded and validated in Microsoft Excel (Microsoft Corporation, Redmond, 

Washington). Cow demographic variables, recorded cases of disease, and reproductive variables 

were exported from DC305. Test-day milk, fat, and protein yield, and somatic cell count (SCC) 

from the first 3 test days were exported from the national milk recording database. All statistical 

analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, North Carolina).  

 Explanatory variables twins, dystocia, parity, body condition score (BCS) at enrollment, 

BCS at w 5, and BCS at w 9 were categorized and tested as outcomes in univariable models with 

treatment to ensure that there were no differences despite randomization. Parity was 

dichotomized as primiparous (1st lactation) and multiparous (2nd + lactation). For descriptive 

purposes, BCS was categorized as ‘thin’ (≤ 2.75), ‘normal’ (3.0 to 3.5), and ‘fat’ (≥3.75). 

However, because there were few thin or fat cows, depending on the time of scoring, prepartum 

BCS at enrollment was dichotomized as ≥ 3.75 and < 3.75, according to the median value and 

postpartum BCS at w 5 and w 9 was dichotomized as ≥ 3.5 and < 3.5, according to the median 

value. The interval between the 1st and 2nd treatment was dichotomized as ‘early’ (0-3 days), ‘on 

target’ (4-10 days), or ‘late’ (11+ days), according to the target period of 4-10 days, as per the 

product label. The interaction between the treatment interval and treatment was tested in each of 

the disease and milk production analyses. The following categorical disease outcomes were 
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evaluated using logistic regression: RP, metritis, clinical mastitis, subclinical mastitis at test-days 

1, 2, and 3, DA, PVD, endometritis, SCE, and PVD+SCE were. Cows were excluded from 

analysis if they did not have a recorded case of the disease of interest for the model and were 

culled before the end of the risk period for RP, metritis, DA, or mastitis (2, 14, 30, and 63 DIM, 

respectively). Logistic regression models were also used to analyze the return to cyclicity by w 3, 

5, 7, and 9. To avoid misclassification, cows were excluded from analysis if they were missing 

one or more necessary P4 samples. Farm and its interaction with treatment was tested as a fixed 

effect in each of the models but was not significant in any. Therefore, mixed logistic regression 

models were used (GLIMMIX procedure in SAS), including farm as a random effect with a 

compound symmetry covariance structure. The % PMN in endometrial cytological evaluation 

was analysed in a linear mixed model, with farm as a random effect (MIXED in SAS). Odds 

ratios and 95% confidence intervals (CI) were used to compare the effects of pegbovigrastim to 

control, and absolute values are presented as least squares means of incidence risks. 

The differences in time to culling, to first service, and to pregnancy between treatment 

groups were first assessed using the product-limit method of survival distribution function 

(LIFETEST in SAS). A Wilcoxon Chi-Squared P-value < 0.05 was considered significant. 

Periods of risk were 63, 150, and 250 DIM for culling, first service, and pregnancy, respectively. 

Cox proportional hazards models were used to control for parity and farm as fixed effects 

(PHREG in SAS).  

Test-day milk production, SCC (log10 transformed), and fat and protein percentage were 

analysed using mixed linear regression (MIXED in SAS), with farm as a random effect and test-

day included as a repeated measure with an autoregressive type 1 covariance structure for cow 
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nested within farm. Projected 305 d milk production obtained from the 3rd milk test-day was 

examined using a mixed linear regression model with farm as a random effect.  

For all models, explanatory variables were tested in univariable models and were 

included in multivariable analysis if P < 0.2. Treatment was forced into each model and the first-

order interactions of retained covariates with treatment were tested. Step-wise backward 

elimination with a significance level of P < 0.05 was used to determine the final models. Models 

in which there were significant interactions with treatment were stratified for further 

investigation.  

RESULTS 

 A total of 1,664 cows were enrolled in the study, with 1,607 cows receiving treatment 

according to the protocol. Reasons for removal included cows that failed to receive a second 

injection (n = 49) or died/sold before calving (n = 8). Three cows were removed after enrollment 

because they were no longer being milked for reasons unrelated to the trial (n = 3). A total of 798 

cows (49.7%) were treated with pegbovigrastim and 809 cows (50.3%) were controls. The 

median interval between the first and second injection was 6 days for pegbovigrastim, with a 

range of 0 to 30 days (standard error [SE] = 0.14) and 6 days for control cows, with a range of 0 

to 23 days (SE = 0.14). 

Parity (32.9% primiparous, n = 529 and 67.1% multiparous, n = 1078) was not different 

between treatment groups (P = 0.58). Upon enrollment, 3.7% of cows were considered thin, 

55.6% normal, and 40.7% fat. Dichotomized prepartum BCS used for analyses (59.3% < 3.75, n 

= 953 and 40.7% ≥ 3.75, n = 654) was not different between treatment groups (P = 0.32). At w 5, 

27.8% were thin, 69.5% normal, and 2.7% fat and at w 9, 36.2% were thin, 61.1% normal, and 

2.7% fat. Body condition score, as dichotomized for analysis at w 5 (54.9% < 3.5, n = 748 and 
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45.1% ≥ 3.5, n = 614) and BCS at w 9 (62.1% < 3.5, n = 904 and 38.0% ≥ 3.5, n = 553) were not 

different between treatment groups (P = 0.12, P = 0.24, respectively). There was no difference 

between treatment groups in the incidence of twins (1.7% [CI = 0.8 to 3.4%] in pegbovigrastim, 

1.3% [CI = 0.6 to 2.8%] in control; P = 0.59), or dystocia (4.7% [CI = 2.6 to 8.5%] in 

pegbovigrastim, 4.9% [CI = 2.7 to 8.7%] in control; P = 0.88) in univariable models. Accounting 

for previous fat and protein percentage, previous 305 d milk production was not different 

between treatment groups for multiparous cows (11,534 kg [CI = 10,263 to 12,806] in 

pegbovigrastim group and 11,718 kg [CI = 10,447 to 12,989]) (n = 893; P = 0.1). 

The overall incidence risks of RP, metritis, DA, and mastitis correspond to the proportion 

of cows with a recorded disease event within the risk periods of 2, 14, 30, and 63 DIM, 

respectively. The prevalence of PVD and endometritis correspond to the proportion of cows 

diagnosed with each disease at the time of sampling between 29-35 DIM. Detailed results of 

incidence risks and prevalence are found in Table 4.1. Results from the multivariable disease 

models for reproductive disease are displayed in Table 4.2. The odds of retained placenta were 

not associated with treatment interval × treatment, prepartum BCS, dystocia, or any interactions 

with treatment, but were significantly lower in primiparous, compared to multiparous cows. 

Accounting for parity, the incidence of retained placenta in the pegbovigrastim group was 5.2% 

(CI = 3.2 to 8.2%) and was not different from the 4.3% (CI = 2.6 to 6.9%) in the control group 

(P = 0.33). The median DIM at diagnosis of metritis was 5 and metritis was not associated with 

treatment interval × treatment, prepartum BCS or dystocia but was associated with parity and a 

treatment × RP interaction. In cows with RP (n = 103), the incidence of metritis was significantly 

lower in the pegbovigrastim group (22.7% [CI = 6.9 to 53.7%]), compared to the control group 

(49.5% [CI = 19.5 to 79.9%]) (P = 0.02). In cows without RP (n = 1477), the incidence of 
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metritis was significantly greater in primiparous versus multiparous cows but was not different 

between pegbovigrastim and control cows (3.7% [CI = 1.3 to 10.0%] and 3.5% [CI = 1.2 to 

9.4%], respectively) (P = 0.76). The median DIM at diagnosis of DA was 10. Prepartum BCS 

was not associated with DA, whereas the incidence was significantly higher in multiparous 

compared to primiparous cows and cows with an RP or metritis, compared to those without. 

Accommodating for the significant effects of parity, RP, and metritis, the incidence of DA was 

not different between pegbovigrastim (4.4% [CI = 1.8 to 10.6%]) and control (3.4% [CI = 1.3 to 

8.5%]) (P = 0.42; Table 4.3). The median DIM at diagnosis of the first case of clinical mastitis 

was 29. Detailed results from the multivariable models for subclinical and clinical mastitis are in 

Table 4.4. Clinical mastitis was not significantly associated with treatment interval × treatment 

or prepartum BCS but was significantly lower in primiparous cows compared to multiparous 

cows. Adjusting for parity, the incidence of mastitis in the first 63 DIM was not different 

between treatment groups (4.7% [CI = 2.5 to 8.5%] for pegbovigrastim, 4.7% [CI = 2.5 to 8.6%]) 

(P = 0.97). For the first case of clinical mastitis, 22.8% (n = 26) cases were scored as a severity 

of 1, 39.5% (n = 45) were a 2, 29.8% (n = 34) were a 3, and 7.9% (n = 9) were not scored for 

severity. The effect of treatment on the severity of mastitis was not evaluated, as there were not 

enough clinical cases to properly assess it. Controlling for DIM at test-day, the incidence of 

subclinical mastitis was higher in multiparous cows compared to primiparous cows, but was not 

different between cows treated with pegbovigrastim or control at test-days 1, 2, or 3 (15.4% [CI 

= 11.7 to 20.1%] versus 14.6% [CI = 11.0 to 19.1%] at test-day 1; 10.9% [CI = 8.5 to 14.0%] 

versus 9.9% [CI = 7.6 to 12.8%] at test-day 2; 10.7% [CI = 8.4 to 13.4%] versus 12.3% [CI = 9.9 

to 15.3%] at test-day 3) (P = 0.63, P = 0.47, P = 0.27, respectively). Treatment interval × 

treatment and body condition score at w 5 were not associated with PVD, whereas parity and an 
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interaction between treatment × parity were significant. Endometritis was not offered to the 

model, as PVD and endometritis were diagnosed simultaneously, and although there is a well-

documented association between the diseases, causality cannot be determined. Of the 177 cows 

diagnosed with PVD, 65.5% also had endometritis. Metritis and RP were offered to the model 

for PVD and although significant, were removed due to a strong correlation between each of 

these diseases (Appendix 1.4), producing unrealistic and implausibly different estimates of PVD 

in univariable models (1.9 × that of the crude rate in cows with metritis and 0.8 × in cows 

without; 2.8 × in cows with RP and 0.7 × in cows without). There was a significant treatment × 

parity interaction and after stratifying by parity, the prevalence of PVD was significantly 

different between treatment groups in primiparous cows (15.0% [CI = 10.1 to 21.7%] in the 

pegbovigrastim group and 6.6% [CI = 3.8 to 11.2%] in the control group) (P = 0.004), but not 

different in multiparous cows (11.4% [CI = 6.7 to 18.7%] in pegbovigrastim and 12.0% [CI = 7.1 

to 19.5%] in control) (P = 0.77). Similarly, PVD was not offered to the model for endometritis, 

and the inclusion of metritis and RP, although significant, produced unrealistically high estimates 

of disease (4.4 × that of the crude rate in cows with metritis and 2.5 × in cows without; 5.7 × n 

cows with RP and 2.4 × in cows without). Of the 436 cows that were diagnosed with 

endometritis, 26.6% also had PVD. There was no association between endometritis and 

treatment interval × treatment or BCS at w 5 or parity, and the prevalence of endometritis was 

not different between treatment groups (33.5% [CI = 26.9 to 40.8%] in pegbovigrastim, 34.5% 

[CI = 27.9 to 41.9%] in the control) (P = 0.69). The % PMN at w 5 was not associated with 

parity or treatment (3.6% [CI = 2.9 to 4.4%] in pegbovigrastim and 3.5% [CI = 2.9 to 4.3%] in 

control) (P = 0.91). Subclinical endometritis was not associated with BCS at w 5 or parity, and 

the prevalence was not different between the pegbovigrastim group (27.3% [CI = 21.6 to 
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33.9%]) and the control group (30.2% [CI = 24.2 to 37.0%]) (P = 0.28). The odds of having both 

PVD and SCE was not associated with BCS at w 5, parity, or treatment (9.1% in pegbovigrastim 

cows [CI = 5.8 to 13.8%] and 7.2% in control [4.5 to 11.2%]) (P = 0.2).  

The product-limit survival estimates showed no difference between treatment groups in 

the culling risk in the first 63 DIM, with 9.5% culling risk in the pegbovigrastim group and 8.0% 

in the control group (Figure 4.2; P = 0.28). Although parity and farm were significant (P < 

0.0001 and P = 0.0004, respectively) in the proportional hazards analysis, treatment was not 

(hazard ratio 1.2 [CI = 0.9 to 1.7]) (P = 0.29).   

 Detailed results regarding the proportion of cows that were considered cyclic by week 3, 

5, 7, and 9 can be found in Table 4.5 and results from the multivariable models are displayed in 

Table 4.6 and Figure 4.2. There was no difference between treatments in the proportion of 

anovular cows, but cows in the pegbovigrastim group had lower odds of having resumed 

cyclicity at w 3. The median time to first service was not different between the pegbovigrastim 

group (65 d [CI = 63 to 66 d]) and the control group (65 d; [CI = 63 to 67 d]) (Figure 4.3; P = 

0.65). By 250 DIM, the proportion of pregnant cows was not different between treatment groups, 

with 73.4% of cows pregnant in the pegbovigrastim group and 74.8% in the control group (P = 

0.34). Median time to pregnancy did not differ between treatment groups in the product-limit 

survival estimate (110 d [CI = 101 to 115 d] for pegbovigrastim vs 101 d [CI = 96 to 109 d] in 

control) (Figure 4.4; P = 0.34), or the proportional hazards model when controlling for parity and 

farm (hazard ratio 1.0 [CI = 0.9 to 1.1]) (P = 0.88). Pregnancy at first service was not associated 

with RP, metritis, mastitis, or DIM at breeding, but was greater in primiparous versus 

multiparous cows, cows with a BCS of 3.25 or greater at w 5, and lesser in cows with SCE. The 

probability of pregnancy at first insemination was not different between the pegbovigrastim 
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group at 35.3% (CI = 26.8 to 44.9%) and the control group at 37.4% (CI = 28.7 to 47.0%) (P = 

0.48; Table 4.7). 

 Detailed results of the differences between treatment groups in test-day milk production, 

305 d projected milk production, SCC, and fat and protein percentage are displayed in Table 4.8. 

Test-day milk production was significantly associated with protein and fat percentage, parity, test 

day, DIM at test day, and treatment. The interaction between test-day and treatment was not 

significant (P = 0.44), so was not stratified. The treatment interval × treatment interaction was 

also not associated with milk production (P = 0.89). Cows treated with pegbovigrastim produced 

1.2 kg less milk per day compared to control cows, as graphically represented in Figure 4.5. 

Similarly, adjusting for a significant effect of parity, cows treated with pegbovigrastim were 

projected at the third test day to produce 264 kg less than control cows in 305 d. In a separate 

model only including multiparous cows and accounting for milk production from the previous 

lactation, milk production was still different between treatment groups (12,111 kg [CI = 10,868 

to 13,353 kg] in pegbovigrastim group and 12,331 kg [CI = 11,090 to 13,573 kg] in control) (P = 

0.03). Parity and the occurrence of clinical mastitis affected SCC, but there were no interactions 

with treatment, and SCC across the first 3 test-days was not different between the 

pegbovigrastim group and the control group. Test-day fat percentage was associated with test-

day milk production, parity, and test-day, but was not different between treatment groups and not 

associated with test-day × treatment interaction. Test-day protein percentage was associated with 

test-day milk production, parity, test-day, and treatment, but not test-day × treatment interaction.  

DISCUSSION 

 Administration of pegbovigrastim had limited effects on the incidence of reproductive 

disease and milk production, and no effect on reproductive performance. The main findings 
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included a reduction in the progression of RP to metritis, an increased incidence of PVD in 

primiparous cows, and a decrease in milk production of cows treated with pegbovigrastim. To 

our knowledge, this study is the first to investigate the effects of pegbovigrastim on the 

prevalence of PVD and SCE, and the return to cyclicity, as quantified objectively by the analysis 

of circulating progesterone concentrations.  

Retained placenta, metritis, and endometritis negatively affect fertility (Mateus et al., 

2002; LeBlanc et al., 2002, Sheldon et al., 2009; Giuliodori et al., 2013) and an improvement in 

measures of reproductive performance would be expected if there were a beneficial preventative 

effect of pegbovigrastim on the incidence of reproductive disease. The results from Chapter 2 

demonstrate that pegbovigrastim increased circulating neutrophil count, as hypothesized. 

However, this did not translate to differences in disease or reproductive performance outcomes 

between cows treated with pegbovigrastim and controls. Although each of RP, metritis, PVD, 

and endometritis are understood to have important immune function components (Kimura et al., 

2002; Hammon et al., 2006; Moretti et al., 2016), they have other risk factors (Giuliodori et al., 

2013; Dubuc et al., 2014) which may be more influential to the development of disease and 

possibly mask an effect of pegbovigrastim. A difference in the early return to cyclicity at 3 

weeks postpartum and a tendency at 5 weeks was found, although there were no differences later 

and no difference in pregnancy at first insemination or in median time to pregnancy. 

 An interesting finding in this study was that among cows with RP, pegbovigrastim 

reduced the odds of developing metritis. Previous studies show that RP is a primary risk factor 

for the development of metritis (Benzaquen et al., 2007; Giuliodori et al., 2013), increasing the 

odds of disease by up to 6 times that of cows without RP (Dubuc et al., 2010a). Classic work by 

Gunnink (1984), replicated and expanded by Kimura et al. (2002), indicated that migration of 
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neutrophils to the placenta is a key element in the occurrence of RP. Existing evidence does not 

indicate that pegbovigrastim affects chemotactic response and migration of neutrophils (Heiser et 

al., 2018) and our results suggest that even a 2.5-fold increase in the number of circulating 

neutrophils on the day of calving does not affect the risk of RP. Nevertheless, our results indicate 

that pegbovigrastim substantially reduced the risk of progression of RP to metritis, which is 

consistent with effects of pegbovigrastim that we hypothesized would occur in the population 

generally. It is possible that the immune response to RP depleted the circulating pool of 

neutrophils in control cows, but that pegbovigrastim maintained sufficient neutrophils to reduce 

the development of metritis.  

The higher incidence of PVD in heifers treated with pegbovigrastim is an interesting and 

unexpected result. A high proportion (66%) of cows diagnosed with PVD were also diagnosed as 

having SCE, as compared to 55% in a large study by Denis-Robichaud et al. (2015) and 36% by 

Dubuc et al. (2010b), possibly suggesting that a reasonable amount of purulent discharge may be 

exuding from the endometrium. Since purulent discharge is mainly comprised of pathogenic 

bacteria and dead PMNs, a higher proportion of PMNs in the uterus might lead to more PVD 

(Kobayashi et al., 2003; Williams et al., 2005). However, this hypothesis is not consistent with 

the lack of association between treatment or treatment × parity interaction and the prevalence of 

SCE or the proportion of PMN.   

The incidence of most diseases in the current study were consistent with previously-

reported incidence risks in dairy cattle. The incidence of RP was similar to 2 to 5% reported by 

Sheldon et al. (2008) and 7% by Cheong et al. (2011), but lower than the 12% found in a study 

by Dubuc et al. (2010a). The incidence of metritis in the current study was much lower than 

previous studies (25 to 40% reported by Sheldon et al. (2008) and 39% in a study by Giuliodori 
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et al. (2013)) and the prevalence of PVD was similar to others’ findings (9% by Dubuc et al. 

(2010b), 15% by Madoz et al. (2014), and 17% by Denis-Robichaud et al. (2015)). The 

prevalence of endometritis was alike studies that used similar diagnostic criteria (Denis-

Robichaud et al., 2015), but lower than Deguillaume et al. (2012) (45%). Yet, the prevalence of 

SCE (endometritis in the absence of PVD) was higher than previously described by Dubuc et al. 

(2010b) (13%) and Madoz et al. (2014) (14%). The lack of consistency with previous literature 

showing reduced incidence of clinical mastitis in pegbovigrastim-treated cows could perhaps be 

partially explained by the lower overall incidence here, compared to other studies. Hassfurther et 

al. (2014) showed marked reductions in the incidence of mastitis, from 34% in the control group, 

to 16.7% in the 10 µg/kg pegbovigrastim group and 9.4% in the 20 µg/kg group. However, the 

methods employed by Hassfurther et al. (2014) to obtain such a high incidence of mastitis 

(ensuring fresh pens were kept wet to maximize the risk of IMM infection) are much different 

than the commercial setting and resulting low incidence of 7.7% in the current study. Similarly, 

Canning et al. (2017) reported a 35% relative reduction in mastitis, from 23.1% to 15.0% in 

herds across the United States, which is also much higher than reported by our herds in Ontario 

and Quebec. Ruiz et al. (2017) found a similar incidence of mastitis of 3.7% in pegbovigrastim 

and 4.9% in control cows but had a substantially larger sample size (n=10,238) and more power 

to detect a significant difference between treatment groups.  

In terms of milk yield, Kimura et al. (2014), Hassfurther et al. (2015) and Canning et al. 

(2017) reported no differences in milk production or components between treatment groups. On 

the other hand, Ruiz et al. (2017) found that multiparous cows with clinical mastitis that were 

treated with pegbovigrastim produced 2.1 kg/day more milk in the first 30 DIM, and multiparous 

cows with metritis that received pegbovigrastim produced 2.1 kg/day more in the first 60 DIM, 
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compared to control cows. Ours is the first study to report a reduction in daily milk production, 

which also translated to a decrease in projected 305-d milk yield between treatment groups. We 

have demonstrated that this reduction in milk yield is present even when controlling for milk 

yield in the previous lactation, an indicator of relative production potential in the present 

lactation. While the acute response to an inflammatory challenge is energetically costly and 

reduces milk yield by redirecting resources to the immune system (Kvidera et al., 2017), the 

‘cost’ of increased production of neutrophils in response to pegbovigrastim as given here is 

unlikely to explain the observed duration of the difference in milk yield. Therefore, the 

mechanism by which administration of pegbovigrastim might lower milk production is not 

understood.  

CONCLUSION  

 When administered 7 days before the anticipated calving date and within 24 hours after 

calving, pegbovigrastim had no significant effects on the incidence of RP, DA, mastitis, or SCE. 

Cows with RP that were treated with pegbovigrastim were less likely to develop metritis 

compared to cows in the control group, demonstrating reduction of the progression of disease. 

Although there were no differences in multiparous cows, primiparous cows treated with 

pegbovigrastim were more likely than control cows to have PVD. A significantly larger 

proportion of cows in the pegbovigrastim group were cyclic by 3 weeks postpartum, but there 

were no differences between treatments at 5, 7, or 9 weeks postpartum. There were no 

differences in culling risk, time to first service, pregnancy at first service, or time to pregnancy 

between treatment groups. Daily and projected 305-d milk production was lower in the 

pegbovigrastim group, although the mechanism could not be explained in the current study. 

Further research should be conducted to investigate why the documented increase in neutrophil 
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count and function following pegbovigrastim administration does not translate to lower 

incidence of reproductive disease and performance.   
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Table 4.1. Crude lactational incidence risks of postpartum disease, and the prevalence of 

purulent vaginal discharge (PVD), endometritis, subclinical endometritis (SCE), and both PVD 

and SCE in a randomized clinical trial involving a total of 1,607 cows treated with either 

pegbovigrastim or saline (control). 

Disease 

Number of 

cows1 

Incidence or prevalence (%) 

Treatment  

  Pegbovigrastim Control 

Retained placenta 1601 7.1 6.0 

Metritis 1578 7.2 7.3 

Displaced abomasum 1540 3.2 2.4 

Clinical mastitis 1475 7.7 7.8 

Subclinical mastitis at test-day 1 1523 18.4 17.5 

Subclinical mastitis at test-day 2 1448 14.8 13.6 

Subclinical mastitis at test-day 3 1394 14.9 17.2 

Purulent vaginal discharge at week 5 1475 14.1 11.8 

Endometritis at week 5 1375 31.5 32.4 

Subclinical endometritis at week 5  1191 25.6 28.1 

PVD and SCE at week 5 1368 9.5 7.5 

 

 

1number of cows included in each calculation (denominator). For retained placenta, metritis, 

displaced abomasum, and mastitis, only the cows that contributed to the full time at risk were 

included (2, 14, 30, and 63 days in milk, respectively) 
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Table 4.2. Results from multivariable mixed logistic regression models for reproductive disease 

in a randomized clinical trial involving a total of 1,607 cows treated with either pegbovigrastim 

or saline (control). 

Outcome Variables in the final model Odds ratio 

95% Confidence 

Interval P-Value 

Retained Placenta 

(n=1601) 

Treatment     
Control Referent   
Pegbovigrastim 1.22 0.82 - 1.83 0.33 

Parity    
Primiparous Referent   
Multiparous 3.57 1.97 - 6.46 < 0.0001 

Metritis with 

retained placenta1 

(n=103)  

Treatment     

Control Referent   

Pegbovigrastim 0.3 0.11 - 0.82 0.02 

Parity    

Primiparous Referent   

Multiparous 0.73 0.15 - 3.47 0.69 

Metritis without 

retained placenta1 

(n=1477) 

Treatment     

Control Referent   

Pegbovigrastim 1.07 0.68 - 1.69 0.76 

Parity    

Primiparous Referent   

Multiparous 0.35 0.22 - 0.55 < 0.0001 

Purulent vaginal 

discharge in heifers2 

(n=477) 

Treatment     

Control Referent   

Pegbovigrastim 2.49 1.33 - 4.63 0.004 

Purulent vaginal 

discharge in cows2 

(n=998) 

Treatment     

Control Referent   

Pegbovigrastim 0.95 0.66 - 1.36 0.77 

Endometritis 

(n=1368) 

Treatment     

Control Referent   

Pegbovigrastim 0.96 0.76 - 1.20 0.69 

Subclinical 

endometritis 

(n=1191) 

Treatment     

Control Referent   

Pegbovigrastim 0.87 0.67 - 1.12 0.28 

PVD and SCE3 

(n=1368) 

Treatment        

Control Referent   

Pegbovigrastim 1.29 0.88 - 1.89 0.2 

 
1a significant interaction between treatment and retained placenta resulted in stratified models for 

the incidence of metritis 
2a significant interaction between treatment and parity resulted in stratified models for the 

incidence of purulent vaginal discharge 
3purulent vaginal discharge and subclinical endometritis 
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Table 4.3. Results from the multivariable mixed logistic regression model for displaced 

abomasum in the first 30 days in milk, in a randomized clinical trial involving a total of 1,607 

cows treated with either pegbovigrastim or saline (control). 

Outcome Variables in the final model Odds ratio 

95% Confidence 

Interval P-Value 

Displaced 

Abomasum 

(n=1539) 

Treatment     

Control Referent   

Pegbovigrastim 1.30 0.69 - 2.46 0.42 

Parity    

Primiparous Referent   

Multiparous 5.61 1.69 - 18.66 0.005 

Retained placenta     

Yes Referent   

No 0.25 0.14 - 0.54 0.0004 

Metritis     

Yes Referent   

No 0.30 0.11 - 0.79 0.01 
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Table 4.4. Results from multivariable mixed logistic regression models for clinical mastitis in 

the first 63 days in milk and subclinical mastitis (somatic cell count > 200,000 cells/mL) at test-

days 1, 2, and 3 postpartum, in a randomized clinical trial involving a total of 1,607 cows treated 

with either pegbovigrastim or saline (control). 

Outcome Variables in the final model Odds ratio 

95% Confidence 

Interval P-Value 

Clinical 

mastitis 

(n=1475) 

Treatment        

Control Referent   

Pegbovigrastim 0.99 0.67 - 1.47 0.97 

Parity    

Primiparous Referent   

Multiparous 3.66 2.06 - 6.52 < 0.0001 

Subclinical 

mastitis at 

first test-day 

postpartum1 

Treatment        

Control Referent   

Pegbovigrastim 1.07 0.82 - 1.40 0.63 

Parity    

Primiparous Referent   

Multiparous 1.68 1.24 - 2.28 0.0009 

Subclinical 

mastitis at 

second test-

day 

postpartum1 

Treatment     

Control Referent   

Pegbovigrastim 1.12 0.83 - 1.51 0.46 

Parity    

Primiparous Referent   

Multiparous 3.30 2.19 - 4.97 < 0.0001 

Subclinical 

mastitis at 

third test-day 

postpartum1 

Treatment     

Control Referent   

Pegbovigrastim 0.85 0.63 - 1.14 0.27 

Parity    

Primiparous Referent   

Multiparous 4.09 2.68 - 6.22 < 0.0001 

 

1accounting for days in milk at test-day  
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Table 4.5. The unadjusted proportions of cows that were considered cyclic by week 3, 5, 7, and 

9 postpartum between treatment groups in a randomized clinical trial involving a total of 1,607 

cows treated with either pegbovigrastim or saline (control). Cows were considered cyclic if at 

least one serum sample before or at the time had a progesterone concentration > 1 ng/mL. 

 

 

 

  

 

% 

Treatment 

  Pegbovigrastim Control 

Week 3 (n=1507) 32.5 38.8 

Week 5 (n=1454) 49.2 53.9 

Week 7 (n=1360) 71.8 73.4 

Week 9 (n=1320) 89.1 90.0 
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Table 4.6. Results from multivariable mixed logistic regression models for cyclicity at weeks 3, 

5, 7, and 9 postpartum in a randomized clinical trial involving a total of 1,607 cows treated with 

either pegbovigrastim or saline (control). Cows were considered cyclic if at least one serum 

sample before or at the time had a progesterone concentration > 1 ng/mL. 

  Odds ratio 
95% Confidence 
Interval P-Value 

Week 3 (n=1507)       

Treatment     

Control Reference   

Pegbovigrastim 0.76 0.61 - 0.95 0.02 

Retained placenta    

Yes Reference   

No 3.00 1.66 - 5.40 0.0003 

Week 5 (n=1454)       

Treatment     

Control Reference   

Pegbovigrastim 0.80 0.64 - 1.01 0.054 

Week 7 (n=1249)       

Treatment     

Control Reference   

Pegbovigrastim 0.94 0.74 - 1.22 0.66 

Subclinical endometritis    

Yes Reference   

No 1.73 1.33 - 2.25 < 0.0001 

Week 9 (n=1211)       

Treatment     

Control Reference   

Pegbovigrastim 0.90 0.63 - 1.30 0.58 
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Table 4.7. Results from the multivariable mixed logistic regression model for pregnancy at first 

insemination in a randomized trial with 1,198 cows treated with either pegbovigrastim or saline 

(control). 

  Odds ratio 

95% Confidence 

Interval P-Value 

Treatment     
Control Referent   
Pegbovigrastim 0.92 0.72 - 1.17 0.48 

Parity    
Primiparous Referent   
Multiparous 0.57 0.43 - 0.74 < 0.0001 

Body condition score at week 5    
< 3.5 Referent   
≥ 3.75 1.59 1.22 - 2.07 0.0007 

Endometritis     
Yes Referent   
No 1.40 1.07 - 1.84 0.02 
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Table 4.8. Least squares means estimates of test-day milk production, 305 d projected milk 

production, somatic cell count, and fat and protein percentage for the first 3 DHI test-days of 

lactation from multivariable mixed linear regression models in a randomized clinical trial 

involving a total of 1,607 cows treated with either pegbovigrastim or saline (control). 

 

 

 
a Accounting for test-day, days in milk at test-day, fat and protein percentage, and parity 
b Accounting for parity 
c Accounting for parity and incidence of clinical mastitis 
d Accounting for test-day, days in milk at test-day, milk production, and parity 

 

 

 

 

 

 

 

 

 

 

  

Variable  Pegbovigrastim (95% CI) Control (95% CI) P-value 

Test-day milk production (kg/day) a 40.2 (36.5-43.8) 41.4 (37.7-45.0) <0.0001 

305 d milk production (kg) b 10,792 (9,469-12,116) 11,057 (9,734-12,380) 0.0004 

Somatic cell count (× 1000 cells/mL) c 69.6 (55.0-88.1) 70.6 (55.8-89.4) 0.80 

Test-day fat percentage (%) d 3.94 (3.80-4.07) 3.97 (3.84-4.10) 0.2 

Test-day protein percentage (%) d 3.07 (3.03-3.11) 3.10 (3.06-3.14) 0.002 
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Figure 4.1. Product-limit survival estimates of culling risk in the first 63 days in milk in a 

randomized clinical trial involving a total of 1,607 cows treated with either pegbovigrastim 

(blue) or saline (red; control). 
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Figure 4.2. Proportion of cows (least squares means and 95% confidence intervals, adjusting for 

covariatesa) with at least one serum sample with progesterone concentration > 1 ng/mL before or 

at the time of sampling at 3, 5, 7, and 9 weeks postpartum in a randomized clinical trial involving 

a total of 1,607 cows treated with either pegbovigrastim (blue) or saline (orange; control).  

 

a Accounting for the incidence of retained placenta at week 3 and the incidence of endometritis at 

week 7.  
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Figure 4.3. Product-limit survival estimates of time to first insemination in a randomized clinical 

trial involving a total of 1,607 cows treated with either pegbovigrastim (blue) or saline (red; 

control). 

  



86 
 

Figure 4.4. Product-limit survival estimates of time to pregnancy in a randomized clinical trial 

involving a total of 1,607 cows treated with either pegbovigrastim (blue) or saline (red; control). 
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Figure 4.5. Mean test-day milk production and 95% confidence intervals, accounting for milk 

components, parity, and days in milk on the first 3 DHI test days of cows treated with 

pegbovigrastim (solid blue line; n = 756, n = 732, n = 719 for test-days 1, 2, and 3, respectively) 

or saline (dashed orange line; n = 774, n = 741, n = 728 for test-days 1, 2, and 3, respectively) in 

a randomized clinical trial.  
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CHAPTER 5 

GENERAL DISCUSSION 

The work described in this thesis provides a thorough evaluation of the effects of 

pegbovigrastim on infectious reproductive disease, ovarian activity, and fertility. The overall 

purpose of this large double-blind randomized clinical trial and the smaller subsets within it was 

to identify and characterize the effects of pegbovigrastim in commercial Canadian dairy herds. 

Previous literature demonstrated that the use of pegbovigrastim in periparturient cows has 

immunomodulatory effects in terms of increasing peripheral circulating neutrophil count and to a 

lesser degree, function (Kehrli et al., 1991; Hassfurther et al., 2015; McDougall et al., 2017; 

Canning et al., 2017), and decreasing the incidence of mastitis in early lactation (Nickerson et al., 

1989; Hassfurther et al., 2015; Canning et al., 2017; Ruiz et al., 2017). Clinical trials 

investigating its effects on reproductive disease and fertility are limited (Ruiz et al., 2017); thus, 

reproductive outcomes were the main focus of the current study under North American 

conditions.  

 Each of Chapters 2, 3, and 4 offered further insight as to pegbovigrastim’s effect on high-

producing dairy cattle. The work in Chapter 2 showed promising results pertaining to the 

proposed hypothesis that injection of pegbovigrastim would stimulate the production and release 

of neutrophils from bone marrow. Although the successful increase of mature circulating 

neutrophils after administration of pegbovigrastim has been shown by others (Kehrli et al., 1991; 

Hassfurther et al., 2015; McDougall et al., 2017; Canning et al., 2017), this was the first study to 

characterize the response both at the time of each injection (1 week prior to anticipated calving 

and within 24 hours after calving) and 24 hours after each injection. There were no meaningful 

differences in the circulating count of red blood cells, monocytes, lymphocytes, eosinophils, or 
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basophils. However, after the first injection, there was a substantial increase of about 15 × 109 

neutrophils/L, which was sustained until the second injection, whereby a subsequent 

considerable additive increase followed, to approximately 10-fold that of control cows. 

Differential leukocyte counts showed that on average, 5% of the neutrophils in circulation of 

pegbovigrastim-treated cows were immature band cells, with virtually no band cells present in 

control cows. Results from Chapter 3 demonstrated that pegbovigrastim does not negatively 

affect the metabolic status of treated cows, when evaluated using commonly-used indicators of 

metabolic disease. There were no discernible differences in serum concentrations of albumin, 

cholesterol, haptoglobin, or calcium. However, pegbovigrastim was associated with slightly 

higher circulating concentrations of BHB and NEFA, and slightly lower concentrations of 

glucose, although the incidence of ketosis was not significantly affected. The work described in 

Chapter 4 showed few differences in disease incidence and return to cyclicity, and showed no 

effect on reproductive performance. Notable findings included a reduction in the odds of 

developing metritis in pegbovigrastim-treated cows that had RP, suggesting the possibility that 

pegbovigrastim can prevent progression to clinical metritis in cows at heightened risk of disease. 

In contrast, the odds of developing PVD in heifers treated with pegbovigrastim was 2.5 times 

that of the control group. Nevertheless, treatment did not affect reproductive performance. 

The combined findings in Chapters 2, 3, and 4 provide interesting, yet contradictory 

results that stimulate the need for further related research. It is well-known that cows experience 

a reduction in immune function around the time of parturition, which leads to heightened risk 

and susceptibility to disease (Goff et al., 1997; Sheldon et al., 2004; LeBlanc et al., 2010; 

LeBlanc et al., 2012). The most imperative part of this immune dysfunction is the decreased 

number and function of neutrophils, which is seen in many cows with clinically diagnosed 
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infectious disease (Gunnink, 1984; Cai et al., 1994; Kimura et al., 2002; Hammon et al., 2006; 

Moretti et al., 2016). The promising results found in Chapter 2 would suggest that the classic 

state of neutropenia, characteristic of the periparturient period, was partially resolved in cows 

treated with pegbovigrastim. This should result in lower incidence of disease; however, this was 

not seen in the findings from Chapter 4. The reduced milk production in cows treated with 

pegbovigrastim may be explained by the results of Chapter 3. Although not considered 

detrimental to metabolic health by determined cut-points, significantly higher concentrations of 

NEFA and BHB and lower concentrations of glucose were found in the pegbovigrastim group. 

An activated immune response results in a state of hypoglycemia as the consumption and 

depletion of circulating glucose concentrations exceeds that of glucose-sparing mechanisms, 

therefore reducing the amount of glucose available for milk synthesis (Kvidera et al., 2017). 

Concomitantly, the homeorhetic drive to maintain milk production stimulates increased 

gluconeogenesis in the liver and mobilization of fatty acids from body fat reserves, thus 

increasing circulating concentrations of NEFA and BHB (Bauman et al., 1980; Duffield, 2000; 

Ospina et al., 2013), consistent with the results found in Chapter 3. However, negative impacts 

on daily milk yields at the first test-day have been shown to only occur when BHB ≥ 1.2 mmol/L 

at 1 week postpartum and BHB ≥ 1.4 mmol/L at 2 weeks postpartum (Duffield et al., 2009). This 

does not align with the much lower mean BHB concentrations at weeks 1 and 2 or the low 

incidence of ketosis from Chapter 3, and does not explain the prolonged reduction in milk yield 

found at test-days 1, 2, and 3.  

It is known that pegbovigrastim successfully stimulates migration of neutrophils through 

the vascular barrier that separates the hematopoietic compartment from circulation (Semerad et 

al., 2002). Neutrophil migration from circulation then depends on surface adhesion molecules, 
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such as selectins, that cause rolling adherence of neutrophils to the vascular endothelium and 

diapedesis upon stimulation from inflammatory signals (Smith et al., 1983; Burton et al., 1995). 

A higher number of circulating neutrophils might translate to more migration to inflamed tissue, 

but this has not been verified. In early research involving pegbovigrastim, Kehrli et al. (1991) 

reported reduced random and directed migration of neutrophils in cows treated with 

pegbovigrastim. Heiser et al. (2018) recently reported higher expression of intracellular adhesion 

molecule 1 (ICAM1), toll-like receptor 2 (TLR2), and prostaglandin-endoperoxide synthase 2 

(PTGS2) in neutrophils of cows treated with pegbovigrastim, demonstrating a potentially 

increased level of migration and enhanced pattern recognition that primes neutrophils for a more 

rapid response following inflammatory signals. The response of these neutrophils to recruitment 

and signalling from chemotactic stimuli should be investigated. Future research should also 

characterize and quantify the migration of neutrophils into the uterus. It would be interesting to 

compare the proportion of PMN cells in the uterus using cytology or histopathology at various 

sampling times early postpartum. This would be an effective way to determine whether 

inflammatory conditions in the uterus are effectively recruiting the more numerous neutrophils 

from circulation.  

The reasons why the increased circulating count of neutrophils did not translate to less 

clinical disease is still to be determined, and an explanation can only be hypothesized. Like the 

results in Chapter 2, Kehrli et al. (1991) demonstrated that immature band cells appear in 

circulation following a primary dramatic increase in mature neutrophils. Similarly, Powell et al. 

(2018) showed that band cells only appear in circulation of control cows after disease challenge. 

Although this may have been the case in our study as well, neutrophil counts after the diagnosis 

of disease were not analysed. Perhaps a naturally-occurring inflammatory response stimulates a 



96 
 

heightened production and release of both mature and immature neutrophils, that have a 

functional capacity equal to that of neutrophils released in response to pegbovigrastim. In cows 

experimentally-induced with endotoxin mastitis, peripheral neutrophil count first sharply 

declines when faced with intramammary challenge but rises to approximately 3-fold that of pre-

infusion counts, within 24 hours (Diez-Fraile et al., 2003). Diez-Fraile et al. (2003) also 

demonstrated that circulating leukocyte count is negatively associated with the severity of 

induced mastitis, although the magnitude of increase in circulating neutrophil count in response 

to intramammary endotoxin challenge was much lower than in response to pegbovigrastim, 

shown in Chapter 2 (approximately 6 × 109 cells/L versus 35 × 109 cells/L). Similarly, in a recent 

study, Powell et al. (2018) reported reduced severity of mastitis when pegbovigrastim was 

administered to cows 14 d and 7 d before inducing E. coli mastitis. Even so, an explanation for 

why higher neutrophil counts in cows treated with pegbovigrastim didn’t translate to reduced 

incidence of reproductive disease is still elusive.  

An area of limited research that is pertinent to the understanding of pegbovigrastim 

response is that of bovine neutrophil kinetics. In healthy cows, according to Jain (1976), 

neutrophils emerge from maturation and storage pools into peripheral blood after 7 days. Paape 

et al. (2002) state that in the healthy cow, neutrophils require 10 to 14 days to mature, circulate 

briefly in the bloodstream with a half-life of 8.9 hours, and can function as phagocytes in tissue 

for 1 to 2 days. Although lower than the peak neutrophil count, the elevated response of 

pegbovigrastim is sustained until at least 7 days postpartum (Figure 1.1). A limitation of the 

current study is the lack of sampling from 7 to 21 d postpartum. Regular sampling, perhaps daily 

during this time period, would give a more accurate representation of the decline in neutrophil 

count. It is unknown whether the sustained response is caused by the continuous stimulation of 
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production and release of neutrophils from bone marrow, whether G-CSF causes inhibition of 

apoptosis, resulting in a dramatic increase in the half-life of neutrophils (van Raam et al., 2008), 

or whether the ‘sustained’ number in circulation may be an indicator of reduced migration.  

The future success of pegbovigrastim in high-producing commercial dairy herds may lie 

in its efficacy to stimulate a beneficial response when used as a treatment, rather than prevention 

for disease. To our knowledge, there are no studies that evaluate the response to pegbovigrastim 

in cows when administered after diagnosis with infectious disease, where disease could be used 

as an explanatory variable. Based on the unexpected results described in Chapter 4, regarding a 

lowered incidence of metritis in cows with RP, it would be beneficial to investigate the efficacy 

of pegbovigrastim when administered to cows following the diagnosis of RP.  

In terms of compliance with disease recording, it is hopeful but perhaps unrealistic to ask 

producers of large, commercial herds to perform daily inspection of cows and keep complete 

disease records for the length of the full study period. Retrospectively, diagnosis and recording 

of disease should have been performed by both producers and research technicians on a regular 

(perhaps weekly) basis. Furthermore, clinical disease, especially metritis, can often be difficult to 

properly identify, as the diagnosis of disease is subjective. This is reflected in the lower 

incidence of metritis and mastitis than previously reported in the literature. Although these 

reported incidences may be fair representations, there is also the possibility of a slight 

misclassification bias, albeit non-differential due to the efforts of randomization and double-

blinding.  

In summary, although pegbovigrastim did not have any profound beneficial effects on 

clinical disease, production, or reproduction in dairy cattle, the results described in this thesis 
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provide further scientific knowledge and direction for future research and informs present 

decisions about the use of this product by producers.  
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Appendix 1.1. Details for the sample size determination using a significance level of α = 0.05 

and 80% power for a randomized clinical trial investigating the effect of pegbovigrastim on 

periparturient dairy cattle. 

 

  

Outcome 

Anticipated 

difference 

Number of cows 

required 

Retained placenta  10 to 6% 1442 

Metritis 10 to 6% 1442 

Clinical mastitis 10 to 6% 1442 

Purulent vaginal discharge 15 to 10% 1372 

Endometritis 30 to 23% 1246 

Median time to pregnancy 130 to 110 days 1472 

Pregnancy at first insemination 35 to 42% 1516 
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Appendix 1.2. On-farm trial procedures given to producers in a randomized clinical trial 

investigating the effect of pegbovigrastim on periparturient dairy cattle. 

 
Imrestor™ Trial Procedures 

Purpose 

To determine the effects of Imrestor™ on the incidence of health disorders, milk yield and 

reproduction in early lactation in commercial dairy herds.  

Treatments 

Treatments will be given subcutaneously; one by research assistants, 7 days before the expected 

calving date and the second by producers, within 24 hours after calving.  

Producer Responsibilities 
Treatments 

The second treatment is to be given by the producer within 24 hours post-calving. The syringes 

for these treatments can be found in the office fridge, labelled with the corresponding cow’s 

identification number. For reference sake, the syringe number and corresponding cow’s 

identification number can also be found on the “Data Entry Log Sheet”. The contents of the 

syringe are to be administered subcutaneously. Empty syringes are to be placed in the “Used 

Syringes” container in the office. The date and initials of the second treatment must be written on 

the “Data Entry Log Sheet”. Syringes that are not yet used MUST remain refrigerated. 

Retained Placenta 

If a cow has placental membranes still visible 24 hours after calving, the RP box on the “Data 

Entry Log Sheet” must be checked (√) for the corresponding cow. If the cow is treated for an RP, 

please indicate so with a second checkmark.  

Metritis 

Producers are asked to walk the pens of fresh cows at least once daily to identify any cows with 

foul-smelling vaginal discharge. Any identified cows are to have their temperature taken. The 

date of this event and the resulting temperature are to be recorded in the “Data Entry Log Sheet” 

for the corresponding cow. If the cow is treated for metritis, please indicate so with a checkmark 

in the box where temperature is recorded.  

Mastitis 

Producers are asked to inspect all cows’ milk at least once daily until 30 DIM for the presence of 

clinical mastitis. The date when clinical mastitis is first found must be recorded on the “Data 

Entry Log Sheet”. Producers must also record a mastitis severity score, denoted as a 1, 2, or 3. A 

score of 1= abnormal milk only. A score of 2= abnormal milk and noticeable swelling, redness 

or hardness in the udder or a specific quarter. A score of 3= abnormal milk accompanied by 

fever, anorexia, or lethargy of the cow. If the cow is treated for mastitis, please indicate so with a 

checkmark in the box where mastitis score is recorded. 

Other 

Any other miscellaneous notes or records, such as missed treatment administrations, lost 

syringes, sold or dead cows should be recorded on the “Other Notes Log Sheet”.  

 



105 
 

Appendix 1.3. On-farm disease recording form used by producers in a randomized clinical trial 

investigating the effect of pegbovigrastim on periparturient dairy cattle. 

 

 

 

  

      

Retained 
Placenta Mastitis Metritis  

1st 
Treatment  

Date  Initials 
Syringe 

 # 
Cow  

# 

2nd 
Treatment  

 Date 
(Calving) Initials 

√ if RP  
after 
24hrs 

  
√√ if 

treated   Date   

Mastitis 
Score  

(1, 2, 3) 
√ if 

treated Date  

Temp 
(°C) 
√ if 

treated 
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Appendix 1.4. Simple associations between reproductive diseases in a randomized clinical trial 

involving a total of 1,607 cows.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

   Purulent vaginal discharge   

    Yes No Total 

Retained placenta 
Yes 34 44 78 

No 151 1229 1380 

  Total 185 1273 1458 

 

 

 

  

    Endometritis   

    Yes No Total 

Retained placenta 
Yes 54 18 72 

No 376 912 1288 

  Total 430 930 1360 

    Purulent vaginal discharge   

    Yes No Total 

Metritis 
Yes 26 70 96 

No 163 1210 1373 

  Total 189 1280 1469 

    Endometritis   

    Yes No Total 

Purulent vaginal discharge 
Yes 116 61 177 

No 320 871 1191 

  Total 436 932 1368 

    Purulent vaginal discharge   

    Yes No Total 

Metritis 
Yes 26 70 96 

No 163 1210 1373 

  Total 189 1280 1469 
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Appendix 1.5. On-farm death and post-mortem form used by producers in a randomized clinical 

trial investigating the effect of pegbovigrastim on periparturient dairy cattle.  

 
 
Study ELA1600187 

Status: FINAL 

_________________________________________________________________________________

______________________________________________________ 
Last saved by J. CARRIER Date 24 November 2016 Revision number 2 Page 34 of 41 

DOC-REF-RES-001-TL002v1 

Appendix 2 

On-Farm Death And Post-Mortem Form 

-- 

ON-FARM DEATH AND POST-MORTEM FORM 

Study # ELA1600187 

Farm ID: ______________________ Date of death : ______________ 

(dd/mmm/yy) 

Animal ID: ____________________ Date of post-mortem : ___________ 

(dd/mmm/yy) 

Gross observations: ____________________________________________________________ 

____________________________________________________________ 

____________________________________________________________ 

____________________________________________________________ 

____________________________________________________________ 

____________________________________________________________ 

List of all tissues sent for diagnostic testing (if applies): 

______________________________________________________________________________

______________________________________________________________________________

________________________ 

Diagnosis: __________________________________________________ 

______________________________________________________________________________

__________________________________________ 

Comments: __________________________________________________ 

______________________________________________________________________________

__________________________________________ 

______________________________________________________________________________

__________________________________________ 

Name and signature of veterinarian 

conducting post-mortem: 

____________________________________________________________ 

Date of report: ___________________ 

(dd/mmm/yy) 

 

 

 

 

 


