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ABSTRACT

Neutrophils are the first-acting and most prominent
cellular defense against mastitis-causing pathogens.
This makes neutrophil activation and expansion obvious candidates for targeted therapeutics. The granulocyte colony-stimulating factor (G-CSF) cytokine
stimulates the bone marrow to produce granulocytes
and stem cells and release them into the bloodstream,
which results in neutrophilia as well as increasing the
presence of other progenitor cells in the bloodstream. A
pegylated form of G-CSF (PEG-gCSF) has been shown
to significantly decrease naturally occurring mastitis
rates in cows postpartum. The use of PEG-gCSF had
not been evaluated in response to an experimental mastitis challenge. In an effort to examine the effect and
mechanism of PEG-gCSF treatment, we challenged 11
mid-lactation Holsteins with ~400 cfu Escherichia coli
P4 by intramammary infusion. Five cows received 2
PEG-gCSF injections, one at 14 d and the other at 7
d before disease challenge, and 6 cows remained untreated. To evaluate the response of cows to the PEGgCSF treatment, we measured complete blood counts,
somatic cell counts, bacterial counts, milk yield, and
feed intake data. The PEG-gCSF-treated cows had
significantly increased circulating levels of neutrophils
and lymphocytes after each PEG-gCSF injection, as
well as following mastitis challenge. The PEG-gCSFtreated cows had significantly lower bacterial counts
and lower milk BSA levels at the peak of infection. In
addition, control cows had significant decreases in milk
yield postinfection and significantly reduced feed intake
postinfection compared with PEG-gCSF-treated cows.
Collectively, PEG-gCSF treatment resulted in reduced
disease severity when administered before a bacterial
challenge. Mechanistically, we show that G-CSF treatment increases cell surface expression of an E-selectin
ligand before infection on neutrophils and monocytes
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found in the blood. These cells quickly disappear from
the blood shortly after infection, suggesting a mechanism for the reduced mastitis severity by priming immune cells for quick targeting to the site of infection.
Key words: mastitis, cytokine, granulocyte colonystimulating factor, immunology
INTRODUCTION

Mastitis is the primary health and economic concern
for the dairy industry. In dairy cows, mastitis can result
in culling, milk loss, reduced milk quality, increased
treatment costs (Ryman et al., 2015; Ceniti et al.,
2017) and is responsible for an estimated $2 billion/
yr in loss to the industry in the United States, generally varying costs between $95 to $211 per case per
cow (USDA-APHIS, 2007; Cha et al., 2011; Ryman et
al., 2015; Ceniti et al., 2017). Mastitis affects all dairy
livestock and can be caused by a plethora of microorganism pathogens, including most commonly in bovine cases Escherichia coli, Staphylococcus aureus, and
Streptococcus uberis (Ryman et al., 2015; Ismail, 2017).
Symptoms of mastitis can include udder swelling, heat,
hardness, or redness; animals may be lethargic or have
changes in milk composition and quality, and show
losses in milk production and feed intake (Yeiser et al.,
2012). Mastitis can vary in levels of severity that can be
influenced by environmental and genetic components
unrelated to disease challenge (Mallard et al., 1998;
Burvenich et al., 2007).
Neutrophils, as well as additional innate effector cells
such as monocytes, are activated during normal inflammation responses to infections, and are considered to
be the primary innate responders to mastitis infection
(Kehrli et al., 1991a). Neutrophils have various killing
mechanisms to destroy pathogens (Paape et al., 2003;
Brinkmann et al., 2004; Lippolis et al., 2006). Upon
encountering invading bacteria, neutrophils can ingest
the bacteria into phagosomes that fuse with lysosomes.
This process stimulates neutrophils to produce large
amounts of oxidizing agents in a process referred to as
respiratory burst, which generates various antimicro-
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bial oxidants that kill pathogens, and is also negatively
correlated with mastitis disease severity (Heyneman et
al., 1990). Last, neutrophils can secrete genomic DNA
bound with antimicrobial proteins to physically trap
and destroy pathogens (Brinkmann et al., 2004).
Myeloperoxidase (MPO) has long been known to
be important to neutrophil function because of its role
in the generation of antimicrobial oxidants (Paape et
al., 2003; Silvescu and Sackstein, 2014). Periparturient
immune suppression and mastitis susceptibility is associated with decreased neutrophil function and is speculated to be a contributor to reduced immune health
especially in the first few weeks postpartum (Kehrli et
al., 1991b; Mallard et al., 1998; Revelo et al., 2011).
Enzymatic function and expression of MPO have been
shown to be reduced during the periparturient period
(Cai et al., 1994; Lippolis et al., 2006). Recently, MPO
has been shown to be a cell surface activation marker
on both neutrophils and monocytes in a uniquely glycosylated form that can act as a ligand for E-selectin,
which is important for leukocyte migration to areas of
inflammation (Silvescu and Sackstein, 2014).
Immune cell regulation for the treatment and prevention of mastitis is a developing field for dairy health
therapy. Although a variety of commercial and herdspecific vaccines exist, they are not cost efficient or adequately effective to control all mastitis (Ismail, 2017).
While mastitis preventative vaccines remain limited
in their efficacy, the most common course of mastitis
treatment is antibiotics. Concerns over selecting antibiotic resistant strains of bacteria is the major reason
for the search for antibiotic alternatives. Nonantibiotic
alternative therapies are under development that include immune stimulators designed to regulate immune
cells important to mastitis defense, with an emphasis
on neutrophils (Canning et al., 2017; McDougall et al.,
2017). One such way to mediate the immune response
is the administration of cytokines, such as granulocyte
colony-stimulating factor (G-CSF).
The G-CSF is well established as a regulator of myeloid cells. Although evidence indicates that G-CSF
is produced by several immune cell sources, it is well
established to be produced by monocytes and macrophages in response to inflammatory signaling (Sieff,
1987; Kehrli et al., 1991a; Xu et al., 2000). Granulocyte
colony-stimulating factor induces proliferation of myeloid progenitor cells from the bone marrow but also
has been shown to stimulate granulocyte maturation
and activate circulating mature myeloid cells such as
neutrophils (Sieff, 1987; Kehrli et al., 1991a; Xu et al.,
2000). As a therapeutic, G-CSF is used in human medicine to recover depleted immune cells (Xu et al., 2000;
Silvescu and Sackstein, 2014) and in veterinary health
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practices to initiate neutrophilia (Kimura et al., 2014;
Silvescu and Sackstein, 2014). Recombinant bovine GCSF supplementation has been shown to significantly
increase circulating leukocytes including increased numbers of mature and immature band neutrophils (Harp
et al., 1991; Kehrli et al., 1991b; Stabel et al., 1991).
A pegylated G-CSF (PEG-gCSF) bovine treatment
is commercially available (Imrestor/pegbovigrastim,
Elanco, Greenfield, IN) with a utilization emphasis on
mastitis prevention during the periparturient critical period. In previously reported work, a 2-injection
treatment of PEG-gCSF prepartum (first injection approximately 1 wk before calving and second injection
day of calving) has been shown to significantly decrease
the incidence of naturally occurring mastitis up to 30
d postpartum compared with untreated control cows
(Ruiz et al., 2017). This 2-step PEG-gCSF treatment
induced increased circulating numbers of monocytes,
lymphocytes, and targeted expansion of neutrophils
(McDougall et al., 2017).
Exploring the mechanism of neutrophil differentiation, activation, and migration will continue to be important in development of mastitis therapeutics. The
objective of this study was to assess for the first time
the effect of PEG-gCSF on experimental mastitis and
provide early insight into some of the mechanisms of a
G-CSF immune response.
MATERIALS AND METHODS
Experimental Design

Eleven mid-lactation Holsteins averaging 141.3 ±
20.6 DIM at the start of the experiment were used for
this study. Five cows received subcutaneous injections
of PEG-gCSF 14 and 7 d before disease challenge (2
injections total); each injection consisted of 15 mg of
PEG-gCSF in 2.7 mL in a single-dose syringe (Imrestor, Elanco). Six cows remained as untreated controls.
Previous experience with our experimental mastitis
model demonstrated that a group size of 5 cows could
yield significant differences by treatment (Lippolis et
al., 2011). Of the experimental animals, 9 were multiparous and 2 were primiparous. The 2 primiparous cows
were randomly balanced between control and treatment
groups. All 11 lactating Holsteins were challenged with
~400 cfu E. coli P4 by intramammary infusion in a
single quarter, which were clean before the trial start
as determined by bacterial culture (data not shown).
Feed intake, milk yield, bacterial counts, BSA levels
in milk, and DNA in milk will be used as metrics to
determine infection severity. Feed intake and total milk
yield were recorded daily in addition to relevant blood
Journal of Dairy Science Vol. 101 No. 9, 2018
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and milk experimental samples. All animals were maintained at the National Animal Disease dairy facility. All
protocols used were approved by the National Animal
Disease Center Animal Care and Use Committee and
comply with guidelines and accepted practices for the
care and use of large animals in research.
SCC

Milk samples were aseptically collected from the
experimental quarter on experimental d −20, −18,
−14, −12, −10, −7, −5, −3 and 0 before challenge to
confirm infection-free status as well as postinfection on
d 0.25 (6 h postchallenge), 0.5 (12 h postchallenge), 1,
1.5, 2, 2.5, 3, 3.5, 4, 7, 9, and 11 d postchallenge. Milk
samples were shipped to Dairy Lab Services (Dubuque,
IA) for determination of SCC values.
Bacterial Counts

Milk samples were aseptically collected from the
single experimental quarter, serially diluted, and 100
µL of sample was spread across a MacConkey agar
plate (catalog no. 211387, BD Biosciences, San Jose,
CA). Plates were incubated at 37°C overnight and the
number of colonies was counted.
BSA ELISA

The BSA levels were measured in skim milk samples
from the experimental quarter with a BSA ELISA (catalog no. E11–113, Bethyl Laboratories, Montgomery,
TX). Samples were diluted 1:50,000 and measured in
duplicate with a plate reader at 450 nm per kit instructions (FlexStation3, Molecular Devices, Sunnyvale,
CA). For our laboratory, the interassay coefficient of
variation was 15.2%, and intraassay coefficient of variation was 5.9%.
Complete Blood Counts and Hematology Slides

Complete blood counts (CBC) were completed in
house by a technician or veterinarian using an automated CBC machine (VetScan Hm5, Abaxis, Union
City, CA). Blood smears were mounted and stained
from whole blood collected via jugular venipuncture
into tubes containing EDTA. Sample identifications
were blinded for evaluation. A total of 100 cells were
characterized from blood slides in which the proportion
of band and mature neutrophils were used to calculated
cell numbers from total neutrophil counts from the automated CBC total cell numbers.
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Neutrophil Extracellular Trap Analysis

One hundred milliliters of raw milk from the experimental quarter was spun at 10,000 × g for 45 min
at 4°C in 50-mL conical tubes. Milk fat samples were
scraped off the top of tubes and washed once with PBS
supplemented with protease inhibitor (5 tablets/L of
SigmaFast Protease Inhibitor, catalog no. S8830, SigmaAldrich, St. Louis, MO). Milk fat samples were frozen
at −20°C until experiment trial period was complete
for all cows. Samples were then thawed for analysis by
experimental day. Thawed samples were stained with 5
µM Sytox Orange (catalog no. S11368, Invitrogen, Eugene, OR) for 15 min at room temperature and washed
once at 4°C with neutrophil extracellular traps (NET)
buffer [10 mM Tris, 150 mM KCl, 250 mM sucrose, 2
mM MgCl2 (pH = 7.5)]. Samples were resuspended in
NET buffer and evaluated in duplicate on a plate reader
at 570 nm (FlexStation3, Molecular Devices) and by
confocal microscopy. Paired controls were first treated
with DNase (1 unit per 10 mg of milk fat; catalog no.
E8263–25KU, Benzonase, Sigma-Aldrich) for 30 min at
room temperature (Reinhardt et al., 2013). The NET
mean fluorescent intensity (MFI) is calculated within
animal as (NET MFI) = (raw sample MFI) – (DNase
sample MFI). For confocal microscopy imaging, stained
samples and DNase controls were normalized and imaged using a Nikon A1R+ laser scanning microscope
and the NIS-Elements imaging software (Nikon Instruments, Melville, NY). All slide depictions are 20× objective, 75 numerical aperture, and were imaged using a
GaASP detector (Nikon Instruments), 561 laser.
Flow Cytometry

Whole blood was stained with CD14 (catalog no.
301808, BioLegend, San Diego, CA), CD45 (catalog no.
BOV2039, Monoclonal Antibody Center, Washington
State University), and MPO (catalog no. VPA00193,
Bio-Rad, Hercules, CA) marker antibodies. Primary
antibodies, secondary antibodies, and directly conjugated antibodies were independently incubated for
15 min in the dark, washing between each step with
cell staining buffer (catalog no. 420201, BioLegend).
Counting beads (catalog no. ACBP-100–10, Spherotech
AccuCount Particles, Lake Forest, IL) were added to
facilitate calculation of cell numbers, and samples were
treated for 30 min with lysing solution (catalog no.
349202, FACS Lysing Solution, San Jose, CA). Samples
were run on a Becton Dickinson LSR II flow cytometer
and evaluated using the FlowJo software (FlowJo LLC,
Ashland, OR).
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Gating Strategy

All cells analyzed were live, single-cell CD45+
populations. Monocytes were gated based on forward
and side scatter and were CD14+. The neutrophil
population was gated with forward and side scatter for
granulocytes. Then, within the granulocyte population,
auto-fluorescing gating was used to remove eosinophils
(Dorward et al., 2013). Neutrophil and monocyte populations were evaluated individually for MPO expression.
Statistical Analysis

Multiple linear regression models were fitted in R,
featuring fixed effects of treatment and either experimental day or experimental phase, respectively. Analysis of variance tables were evaluated for significance of
the interaction of PEG-gCSF treatment by day/phase.
Specific contrasts of interest were evaluated with a
pairwise comparison of the least squares means (LSM)
estimates between treated and untreated groups for
certain experimental time points (days or phases).
Significance denotes P-values ≤0.05. All error bars represent standard errors.
Bacterial Load Analysis. Bacterial counts were
base10 log-transformed. The PEG-gCSF treatment and
experimental day were fitted as fixed effects and evaluated for significance. The interaction of PEG-gCSF
treatment by day and the LSM contrasts for PEGgCSF-treated and untreated groups were evaluated for
significance.
SCC Analysis. The SCC numbers were base10 logtransformed. Phase of experiment [preinfection (d −20
to 0 before challenge), or postinfection (d 0 to 11 after
challenge)] was evaluated as a fixed effect and the interaction of phase by PEG-gCSF treatment was evaluated for significance. Least squares means contrasts for
PEG-gCSF-treated and untreated groups were evaluated for differences within phases.
Milk Yield and Feed Intake. For analysis of milk
yield and feed intake, phase of experiment [preinfection
(d −14 to −2 before challenge), feed change (d −1 and
−2), or postinfection (d 0 to 11 after challenge)] was
evaluated as a fixed effect, and the interaction of phase
by PEG-gCSF treatment was evaluated for significance.
Feed intake percentage was based on the feed consumed
by each animal daily, divided by the average feed consumed for 7 d before the start of the experiment. The
LSM contrasts for PEG-gCSF-treated and untreated
groups were evaluated for differences within phases.
BSA and NET Analysis. The PEG-gCSF treatment and experimental day were fitted as fixed effects
and evaluated for significance. The interaction of PEGgCSF treatment by day and the LSM contrasts for
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PEG-gCSF-treated and untreated groups were evaluated for significance.
CBC Analysis. Cell subset counts were evaluated
separately for total neutrophils, monocytes, and lymphocytes. Within total neutrophils, percentage of band
versus mature neutrophil differentiation was done by
hand by a trained technician via stained blood slide
analysis and adjusted counts were analyzed. The PEGgCSF treatment and experimental day were fitted as
fixed effects and evaluated for significance. The interaction of PEG-gCSF treatment by day and the LSM
contrasts for PEG-gCSF-treated and untreated groups
were evaluated for significance.
RESULTS

Infections were confirmed in all cows; bacteria was
isolated from all infected cows for at least 2 time points
(data not shown). All cows had a mild clinical infection that resulted in minimal to no fever and minor to
moderate effects on milk quality. For SCC, milk yield,
and feed intake, data were analyzed at all stages of the
study. We evaluated data grouped into phases of preinfection (d −14 to −2 before challenge), postinfection
(d 0 to 11 after challenge), and feed change (d −1 and
−2), which captures an unavoidable change in silage
being fed to experimental cows (SCC data were not
collected during the feed change phase).
Raw SCC data are shown in Figure 1A, whereas logtransformed SCC are shown in Figure 1B. The PEGgCSF treatment did not result in a difference in SCC
(85.6 × 103 ± 20.2 × 103 SCC) compared with control
cows (21.8 × 103 ± 3.9 × 103 SCC) during the preinfection phase for raw SCC (Figure 1A). However, if the
SCC is log-transformed, PEG-gCSF cows had significantly higher (P < 0.01) SCC [4.5 ± 0.1 log10(SCC)]
than nontreated cows [4.2 ± 0.1 log10(SCC)] in the preinfection phase. No differences were detected between
PEG-gCSF-treated and nontreated cows during the
postinfection phase for raw or log-transformed data.
Milk yield and feed intake were evaluated daily for
all cows (Figure 1C, 1D). No differences in milk yields
were discernable before infection between PEG-gCSFtreated (32.8 ± 0.9 kg/d) and control cows (34.1 ±
0.8 kg/d; Figure 1C). During the feed change phase,
PEG-gCSF-treated cows (28.7 ± 2.1 kg/d) did not
have significantly different milk production than the
untreated animals (24.6 ± 1.9 kg/d; P = 0.15). However, milk yields for treated cows (29.9 ± 1.1 kg/d)
and nontreated control cows (26.7 ± 1.0 kg/d) were
statistically different (P = 0.03) postinfection. For feed
intake (Figure 1D), no difference was observed in feed
consumed between PEG-gCSF-treated cows (94.1 ±
2.4%) and untreated cows (88.4 ± 1.9%) for the preJournal of Dairy Science Vol. 101 No. 9, 2018
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Figure 1. Effect of pegylated granulocyte colony-stimulating factor (PEG-gCSF) therapy (black) on raw and transformed SCC, milk yield,
and percent feed intake compared with control cows (gray). (A) Raw SCC, (B) log(base10)-transformed SCC, (C) daily milk yield (2 milkings
per day), and (D) percentage feed intake (percent consumed of pre-experiment feed offered). Vertical dashed lines indicate PEG-gCSF treatment
injections, solid vertical line indicates start of disease challenge, and gray areas denote the silage feed change adjustment period before challenge.
Error bars represent SE.
Journal of Dairy Science Vol. 101 No. 9, 2018
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infection phase. During the feed change phase, PEGgCSF-treated cows ate a higher percentage of offered
feed (75.5 ± 5.6%) compared with (58.8 ± 4.6%) by
control cows (P = 0.02). Postinfection, PEG-gCSFtreated cows consumed a higher percentage of feed
(90.0 ± 2.8%) than the untreated control cows (69.9 ±
2.3%; P < 0.01).
Bacterial counts were determined for milk samples
obtained at indicated time points postinfection (Figure
2A). The PEG-gCSF-treated cows had a significantly
decreased bacterial load at 24 h (P < 0.01), 36 h (P =
0.01), and 48 h (P < 0.01). As a means to assess disease severity, we examined BSA levels of skim milk and
found a significant effect of PEG-gCSF treatment (P
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= 0.05; Figure 2B). Specifically, PEG-gCSF cows had
reduced BSA levels (3.1 ± 0.7 mg/mL) 24 h postchallenge (P < 0.01) compared with untreated cows (7.0
± 0.7 mg/mL). Although not statistically significant,
treated animals additionally had a lower rectal temperature immediately postinfection (data not shown).
We analyzed whole blood to determine specific behavior of responding immune cell populations and analyzed
blood slides to determine the abundance of mature and
progenitor neutrophils (Figure 3). The CBC showed
PEG-gCSF-treated cows had significantly increased
circulating levels of neutrophils after each PEG-gCSF
injection (P < 0.01). Circulating neutrophil counts remained significantly higher in PEG-gCSF-treated cows

Figure 2. Pegylated granulocyte colony-stimulating factor (PEG-gCSF)-treated cows show reduced severity of disease after mastitis challenge. (A) Log-transformed bacterial counts [log10(cfu)] and (B) BSA levels (mg/mL) were lower for PEG-gCSF-treated cows compared with
control cows. Error bars represent SE.
Journal of Dairy Science Vol. 101 No. 9, 2018
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after the first PEG-gCSF injection until 7 d postchallenge (P ≤ 0.01; Figure 3A). Neutrophil numbers in the
blood peaked 4 d after the first and dramatically 2 d
following the second injection (Figure 3A). Whole blood
slides were generated to analyze the proportion of cells
that were immature band neutrophils compared with
mature, established neutrophils. By adjusting CBC
counts to the percentages of band and mature neutrophils, we discovered that in the PEG-gCSF-treated
cows, the mature neutrophils are the first responders to
the initial PEG-gCSF injection (Figure 3B) beginning
2 d postinjection (d −12). The immature (band) neutrophils appear in circulation 4 d after the first PEGgCSF injection (Figure 3C; d −10), and together these
compose the initial neutrophil peak identified in Figure
3A. By contrast, immature neutrophils do not appear
in the blood of untreated cows until 24 h postchallenge,
where levels are not significantly different from treated
cows (P = 0.38). Also, monocytes saw a significant
increase in circulating numbers 4 d (d −10) after the
first PEG-gCSF injection in treated cows (P < 0.01;
Figure 3D). Lymphocytes responded significantly to
PEG-gCSF treatment (P < 0.01), equally increasing
circulating numbers to both PEG-gCSF treatments; 4
d after the first injection and 2 d following the second
injection (P < 0.01; Figure 3E).
Next, we analyzed milk fat NET to examine neutrophil activity in milk (Figure 4). We showed increased DNA in milk fat by staining with the DNA
stain Sytox Orange. Fluorescence intensity of milk fat
samples were quantified on a plate reader (Figure 4A)
and characterized with confocal microscopy (Figure
4B). No significant differences exist between PEGgCSF-treated and control cows at experimental d 0
(P = 0.13); however, the PEG-gCSF-treated cows had
higher NET MFI 24 h postchallenge (P = 0.02), as
well as showing larger NET globules under confocal
examination (Figure 4B).
To investigate the activation status of immune responders in circulating blood, we stained circulating
neutrophils (Figure 5) and monocytes (Figure 6) for
surface expression of MPO. Increased surface expression of MPO was evident in both neutrophils (Figure
5B) and monocytes (Figure 6B) after both PEG-gCSF
injections in treated cows compared with no detectable
differences pretreatment (Figure 5A, 6A). Interestingly,
the populations of “activated” neutrophils and monocytes disappear in whole blood 24 h postchallenge in
PEG-gCSF-treated cows but appear for the first time
in control animals (Figure 5C, 6C, respectively). By 72
h postchallenge, control animals still showed increased
surface expression of MPO (Figure 5D), but differences
in monocyte MPO expression were no longer detectable
(Figure 6D).
Journal of Dairy Science Vol. 101 No. 9, 2018

Figure 3. Effect of pegylated granulocyte colony-stimulating factor (PEG-gCSF) on immune cell profiles in whole blood. Cows were
treated with PEG-gCSF after bleeds on d −14 and again on d −7
before challenge on d 0. Automated complete blood counts (CBC)
produce (A) total neutrophil counts, which can be further analyzed by
whole blood slide to determine proportion and counts of (B) mature
neutrophils and (C) band neutrophils. Automated CBC also revealed
increasing circulating levels of monocytes (D), and lymphocytes (E).
Error bars represent SE.
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Figure 4. Functional assessment of neutrophils in milk examining neutrophil extracellular traps (NET). (A) mean fluorescent intensity (MFI)
of Sytox-Orange (Invitrogen, Eugene, OR)-stained milk fat NET. (B) Confocal microscopy imaging of stained milk fat NET. Error bars represent
SE. PEG-gCSF = pegylated granulocyte colony-stimulating factor.

DISCUSSION

The natural environment of the modern dairy cow
and vast exposure to a diversity of pathogens makes the
elimination of mastitis difficult. However, developing
therapies, such as G-CSF treatment, provide a valuable
tool in the management and prevention of bovine mastitis. We have shown that PEG-gCSF-treated Holsteins
had reduced disease severity against an experimentally

induced E. coli infection. This manuscript uniquely
assesses mid-lactation subjects in contrast to the periparturient cow and establishes that PEG-gCSF-treated
cows challenged with E. coli mastitis have reduced
disease severity compared with nontreated controls. In
addition to reduced bacterial counts and BSA levels,
treated cows exhibited less reduced milk yield and less
reduced feed intake during disease challenge. Although
the majority of existing PEG-gCSF literature focuses on
Journal of Dairy Science Vol. 101 No. 9, 2018
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Figure 5. Myeloperoxidase (MPO) surface expression as an activation marker for blood neutrophils. Flow cytometry shows surface expression of MPO on neutrophils (A) before all pegylated granulocyte colony-stimulating factor (PEG-gCSF) treatments (d −14), (B) following both
PEG-gCSF injections (d −5; peak activation), (C) 24 h postchallenge (d 1; peak infection), and (D) 72 h postchallenge (d 3; recovering from
infection). Neutrophil cell populations from whole blood of representative PEG-gCSF (black) and control (gray) cows.

natural incidence of mastitis, our mid-lactation animals
exhibit similar responses to what has been reported in
earlier trials with regard to targeted neutrophil expansion.
Our data showed the second PEG-gCSF injection
boosted neutrophil expansion as neutrophil numbers
more than doubled in less time compared with the first
initial injection (Figure 3A). Interestingly, hematology
slide analysis shows that mature neutrophils respond
initially to the first PEG-gCSF injection after 2 d,
whereas immature (band) cells have a delayed response
peaking 4 d after the first treatment (Figure 3B, 3C).
These observations may be illustrating a recruitment
out of the bone marrow of granulocyte progenitor cells.
The distinct behavior and relationships of immature
and mature neutrophils with PEG-gCSF treatment in
circulating blood may prove insightful to mechanisms
of mastitis protection, cell maturation, and effector cell
migration from the bone marrow to the site of inflam-

mation. Uniquely, circulating monocytes only expand
in cell number after the first PEG-gCSF injection
(Figure 3D). It is possible that monocytes are involved
in directing neutrophil behavior through various cell
signals and suggests a potential role for monocyte activity in the initiation of a G-CSF response cascade. In
addition, overall neutrophil numbers were higher in this
study compared with those seen in previous studies.
Our mid-lactation PEG-gCSF-treated animals averaged 53 × 109 neutrophils/L of blood compared with
18 × 109 neutrophils/L of blood at peak levels after
2 PEG-gCSF injections in previously published work
(Canning et al., 2017; McDougall et al., 2017). This is
likely due to the immune system differences between
mid-lactation animals and periparturient immunesuppressed cows. Furthermore, the proportion of band
neutrophils is much higher in our study than previously
reported, with a greater number of band neutrophils
compared with mature neutrophils after the first in-

Figure 6. Myeloperoxidase (MPO) surface expression as an activation marker for blood monocytes. Flow cytometry shows surface expression of MPO on monocytes (A) before all pegylated granulocyte colony-stimulating factor (PEG-gCSF) treatments (d −14), (B) following both
PEG-gCSF injections (d −5; peak activation), (C) 24 h postchallenge (d 1; peak infection), and (D) 72 h postchallenge (d 3; recovering from
infection). Monocyte cell populations from whole blood of representative PEG-gCSF (black) and control (gray) cows.
Journal of Dairy Science Vol. 101 No. 9, 2018

PEGYLATED GRANULOCYTE COLONY-STIMULATING FACTOR

jection and similar numbers after the second injection
(Kimura et al., 2014). Our mid-lactation cows lack a
target for neutrophil migration until we challenged
them with mastitis and initiated an inflammation response in the mammary gland, resulting in higher neutrophil numbers and a different proportion of band and
mature cells. By contrast, a periparturient cow may call
activated neutrophils from the circulating blood stream
to the uterus to compete with the increased presence
of bacterial contaminants and to compensate for additional energy and immune requirements (Hammon et
al., 2006; Sheldon et al., 2008). Neutrophil migration
in response to microbial threat is well recognized, and
impaired neutrophil function is correlated with metritis
and additional uterine health disorders in the periparturient cow (Kimura et al., 2002; Hammon et al., 2006;
Sheldon et al., 2008). A future study of interest might
be to look at the effect of PEG-gCSF with experimental mastitis during the periparturient critical period.
The DNA, indicative of NET in milk fat in PEGgCSF-treated animals after infection, suggests that
potential cell activation or migration signals were altered compared with negative controls. The increased
presence of NET in the treated cow milk fat at 24 h
postchallenge may be evidence of heighted systematic
activation state of neutrophils (Figure 4). Alternatively,
it is possible that the heightened activation of circulating neutrophils in the blood allows those cells to
more rapidly respond to inflammation signals and appear more quickly in the milk and mammary gland in
treated cows. The mechanism of differentiation and the
relationship between different neutrophil subsets will
continue to be investigated in the role of PEG-gCSF
treatment. In addition to neutrophils, monocyte and
lymphocyte populations also expand in response to the
G-CSF cytokine treatment, which could contribute an
important component of cytokine and cell signaling.
To assess cellular activation and the potential targeting of immune cells to the mammary gland, we used
flow cytometric staining of surface molecules. In addition to its role in the production of antimicrobial
reactive oxygen species, MPO has been identified as a
ligand for E-selectin and cellular activation can cause
its upregulated expression on the surface of monocytes
and granulocytes in humans (Kindzelskii et al., 2006;
Silvescu and Sackstein, 2014). We observed an increase
in MPO surface expression after the first injection of
PEG-gCSF (data not shown) with a peak MPO surface
expression demonstrated after both PEG-gCSF injections in both neutrophils (Figure 5), and monocytes
(Figure 6) in whole blood. Our hypothesis is that PEGgCSF treatment primes a population of neutrophils and
monocytes to express surface MPO in the form of a
cell adhesion molecule (E-selectin) ligand. Then, once
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the animals are challenged with an infectious agent,
mammary epithelial cells would express E-selectin on
their surfaces. This could allow the pre-primed neutrophils and monocytes faster entry into an infected
gland, which could play a role in immune response
and disease severity (Vandeputte-Van Messom et al.,
1993). This hypothesis is supported by our observation
of the MPO+ neutrophils and monocytes in blood in
the PEG-gCSF animals before infection and the immediate loss of the MPO+ cells from circulation for
treated cows upon challenge. In the normal untreated
animals, MPO+ neutrophils and monocytes arise after
infection perhaps to the natural generation of G-CSF,
or general initiated inflammatory response to challenge.
Also supporting the hypothesis that treated animals
translocated immune cells from the circulation into the
mammary gland is the elevated presence of NET in the
milk fat of treated cows.
Despite the PEG-gCSF-induced dramatic increases
in circulating neutrophils, one unanswered question is
why we do not observe comparable increases in SCC
in the mammary gland with disease challenge. From
our analysis of mature versus immature neutrophils, we
show that approximately half of our peak neutrophil
numbers are immature band neutrophils likely being
called recruited and differentiated from the bone marrow. One hypothesis that explains the lack of a massive
increase in SCC in preinfected cows is that predominately mature neutrophils with upregulated surface
adhesion molecules (e.g., MPO) efficiently migrate into
the mammary gland (Van Merris et al., 2002). A possible explanation of why SCC are not different after
infection could be that stimulated cells are so activated
that when they enter the mammary gland, they quickly
produce NET, in turn terminating the cell, and thus
are uncountable in the SCC analysis. This was supported by the higher DNA concentrations and larger
NET globules in PEG-gCSF cows immediately postchallenge (Figure 4).
With a commercially geared product intended for
use across the dairy industry, we examined PEG-gCSF
effects on SCC, milk yield, and feed intake under experimental infection conditions. Although raw SCC
numbers did not identify significant differences between
PEG-gCSF-treated and nontreated cows before or after
infection (Figure 1A), it is likely this can be attributed
to the large amount of variability and high standard
errors from the SCC data. The log-transformed SCC
data differed significantly with an increase from PEGgCSF-treated cows for the preinfection phase (Figure
1B). When we examine this observation, it is logical
that a cytokine treatment targeting large circulating
neutrophil expansion resulted in an increased SCC
in the milk. However, the average raw SCC for the
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pretreatment phase were ~86K SCC and ~22K SCC
for the treated and untreated groups, respectively. Although the difference seen in the log-transformed data
indicates an increase in SCC in the treated animals,
the biological significance of a change of this magnitude is uncertain. It has been shown that there is more
variation in repeatability of SCC data when counts are
considered very low (<125 K; Faust and Timms, 1995).
Although it is unknown whether the increase of SCC
or the increased number of “activated” circulating immune cells in PEG-gCSF-treated animals reduced the
severity of the subsequent experimental infection, our
hypothesis is that the priming of the immune system
would be the major factor since the increase of SCC
before infection was relatively small. Additional higher
powered studies could be used to fully investigate the effect of PEG-gCSF on SCC numbers in healthy animals.
It is also noteworthy that moderate increases in SCC in
mid-lactation cows could differ from SCC responses in
periparturient cows where immune and energy requirements are differently allocated.
Although all animals reduced milk yield as expected
with disease challenge, the PEG-gCSF-treated animals
maintained higher production volumes than control
cows, suggesting reduced challenge stress and consistent
with reduced disease severity (Figure 1C). Supportive
of reduced stress on PEG-gCSF-treated animals were
the similar results for feed intake (Figure 1D). This
study focuses on animals under disease challenge, the
serendipitous look at performance of cattle under the
stress of silage feed change (d −2 through d 0) is also in
agreement that PEG-gCSF treatment had no deleterious effects and may carry a slight advantage to treated
cows under stress. Additional power and further experiments would be required to draw conclusions.
Collectively, PEG-gCSF-treated cows had reduced
disease severity against an experimental mastitis challenge compared with nontreated controls. Treated cows
had reduced bacterial counts and BSA levels, but also
exhibit less reduced milk yield and less reduced feed
intake under stress of challenge. Because the role of
G-CSF seems to be to prime the immune system, this
treatment is not implicated as a good candidate for
use in an existing infection. The PEG-gCSF targeted
a potent neutrophil expansion response both of mature
and immature band neutrophils in circulation. Finally,
PEG-gCSF treatment increase surface expression of
a cell adhesion molecule (MPO) on neutrophils and
monocytes, suggesting that these cells are primed for
rapid egress from the circulation into a site of infection.
These results continue to suggest a role for PEG-gCSF
as an immune cell modulatory therapy for mastitis
management and prevention.
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