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Abstract – CD14, the leukocyte co-receptor for lipopolysaccharide (LPS), is important in the response of bovine polymorphonuclear neutrophil leukocytes (PMN) to Gram-negative bacteria. In
other species, the expression of CD14 on the surface of PMN was shown to increase after exposure
to inflammatory stimuli. These newly expressed molecules may originate from either an intracellular pool or through new gene expression. We sought to characterize bovine PMN cell surface
expression and shedding of CD14 molecules, and CD14’s eﬀect on secretion of the chemoattractants IL-8 and IL-1β by PMN. Bovine PMN were incubated in RPMI for 20 h at 37 ◦ C with LPS
(1, 10, 100 µg/mL). IL-8 release increased with treatment of 1 µg/mL LPS, but decreased 41.5 and
95% at the 10 and 100 µg/mL concentrations of LPS, respectively. In contrast, shedding of CD14
from the surface of PMN only increased at the highest concentration of LPS (100 µg/mL). Secretion of IL-1β was similar regardless of the LPS concentration used to stimulate PMN. The eﬀect of
PMN concentration (1 × 107 , 2.5 × 107 , 5 × 107 , and 10 × 107 /mL) on CD14 cell surface expression
and shedding of IL-8 and IL-1β were also determined. Shedding of CD14 by PMN increased with
increasing concentration of PMN after exposure to 0.1 and 10 µg/mL of LPS, while secretion of
IL-8 decreased. IL-1β increased at the highest concentration of PMN. The use of real time polymerase chain reaction showed that CD14 mRNA expression was not diﬀerent between control and
LPS-stimulated cells, indicating that the sCD14 came from either membrane bound CD14 or a preformed pool. Our results demonstrate that release of CD14 from PMN suppresses secretion of IL-8,
and may be an important regulatory mechanism for controlling excessive migration of PMN into
the bovine mammary gland.
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1. INTRODUCTION
The recruitment and activation of
polymorphonuclear neutrophil leukocytes
(PMN) are important for nonspecific host
* Corresponding author:
mpaape@anri.barc.usda.gov

defense against infectious agents [33].
PMN are short-lived blood cells that play
a vital role in the inflammatory response.
They are one of the first cells recruited
to the site of injury or infection. PMN
activation results in increased phagocytosis, bacterial killing, release of lysosomal
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enzymes, and generation of superoxide anion [44]. A number of exogenous and
endogenous peptide and lipid mediators,
such as fMLP, C5a, leukotriene B4 and
cytokines (IL-1β and tumor necrosis factor (TNF)-α) are chemoattractants for
PMN [1]. Interleukin (IL)-8 is the best
characterized among the PMN attracting
chemokines. IL-8 belongs to the CXC family of chemokines and stimulates PMN
adherence, degranulation, respiratory burst
and lipid mediator synthesis [31]. Human
PMN have been reported to synthesize
IL-8, TNF-α, IL-1β, macrophage-colony
stimulating factor (CSF) and granulocyteCSF [4, 5, 24] and proteases [44].
Many functionally important receptors
for microbial ligands on PMN have not
yet been identified [29]. Toll-like receptors (TLR) have been identified on
mammalian monocytes and PMN. TLR
mediate cellular responses to a large array of microbial ligands. TLR-4 is a coreceptor with CD14 for bacterial LPS.
CD14 is a glycosylphosphatidyl-inositolanchored protein expressed at high levels
on the surface of circulating monocytes
and macrophages [8]. An intracellular pool
of CD14 exists in bovine PMN and is capable of translocating to the cell surface [27].
A soluble form of CD14, sCD14, is present
in bovine serum and milk [23, 39]. sCD14
is also present in the plasma membranesecretory vesicles of human PMN [34].
Membrane (m) CD14 and sCD14 function as co-receptors for microbial ligands.
sCD14 has two main functions. First, it
can facilitate LPS transfer to lipoproteins,
preventing over stimulation of the inflammatory response [20, 35]. Alternatively, it
can facilitate LPS binding to cells that
do not express CD14 such as endothelial
and epithelial cells, and cause activation of
TLR-4 and release of cytokines [9].
The objectives of the present study were
to: (1) quantify release of sCD14, IL-8 and
IL-1β from bovine PMN following stimulation with LPS; (2) determine whether

sCD14 plays a regulatory role in the release of IL-8 and IL-1β; and (3) determine if sCD14 originates from pre-formed
molecules or new gene expression.
2. MATERIALS AND METHODS
2.1. Cows
Thirty-five clinically normal mid- to
late-lactating Holstein cows (220 ± 60 d
of lactation) were selected from the USDA
Beltsville Agricultural Research Center
(BARC) dairy herd. The use and care of
all animals were approved by the Beltsville
Agricultural Research Center’s and the
University of Maryland Animal Care and
Use Committees.
2.2. Blood sampling and PMN isolation
Blood was collected from the tail vein
by venipuncture in heparinized vacutainer
tubes (Becton Dickinson, Franklin Lakes,
NJ, USA). PMN were isolated using the
procedure of Hahn and Tolle [11]. Briefly,
blood was centrifuged at 500 × g, for
5 min, at 4 ◦ C. Plasma, buﬀy coat and
1/3 of the red blood cells (RBC) were
removed. The remaining RBC and white
blood cells (WBC) (10 mL) were suspended dropwise into a double volume
(20 mL) of cold 0.2% NaCl solution and
gently mixed for about 1 min for lysis of
RBC. Immediately, half the original volume of cold 3.7% NaCl solution (5 mL)
was added to restore isotonicity. The suspension was centrifuged at 200 × g for
1 min at 4 ◦ C. The WBC pellet was
washed twice with 20 mL of 0.0132 M,
pH 7.4, 0.85% NaCl solution (phosphatebuﬀered saline solution; PBS) (BioWhittaker, Walkersville, MD, USA). Smears
were prepared from the pellet on glass
microscope slides and stained with Hemacolor (Merck, D-64293 Darmstadt 1, Germany) in an automatic slide stainer (HemaTex 2000, Bayer, Corp. Elkhart, IN, USA).
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Diﬀerential microscopic counts were determined by counting 100 cells. Purity
of the isolated PMN was 94%. Viability, as determined by exclusion of trypan
blue [32], was 98%.

2.3. Flow cytometric analysis
One-million cells in RPMI-1640 (Bio
Whittaker) were incubated with 0, 1, 10
and 100 µg/mL of LPS derived from Escherichia coli 0111:B4 (Sigma Chemical
Co., St. Louis, MO, USA) at 37 ◦ C for
20 h in a 5% CO2 incubator. Then, cells
were reacted with anti-rbosCD14 monoclonal antibody (mAb) [39] (1:10) at 4 ◦ C
for 30 min. The cells were washed 3× with
PBS. Fluorescein isothiocyanate (FITC)labeled aﬃnity- purified antibody to mouse
IgG + IgM (heavy and light chains, KPL,
Gaithersburg, MD, USA) was added at a
1:100 dilution in PBS to cells reacted with
mAb, and untreated control cells that were
not reacted with mAb. After 30 min of incubation at 4 ◦ C, the cells were washed 3×
with PBS and resuspended in 200 µL PBS.
Flow cytometric analysis was performed
using a Coulter Epics Profile I-Argon laser
flow cytometer (Coulter Electronics Inc.,
Hialeah, FL, USA). The laser was set at
488 nm wavelength, 7.0 to 7.5 A current
and 15 mW power. The laser was aligned
by use of fluorospheres (Immuno-Check,
Epics alignment fluorospheres, Epics Division, Coulter Corp, Hialeah, FL, USA).
Gains for forward-angle light scatter were
set at 10, and logarithmic transformations
were used for side (90◦) light scatter and
for green fluorescence. Locations of the
cell populations in dot plots had been determined previously on the basis of analyses of pure populations of leukocytes [15].
A bitmap (electronically defined observation area) was drawn around the PMN.
Percentage of cells fluorescing (%F) and
the level of expression (log mean fluorescent channel, LMFC) were recorded by
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measuring the green fluorescence associated with the gated cell population.
2.4. Apoptosis of PMN
PMN apoptosis was evaluated to determine if apoptosis contributed to the release
of CD14 from PMN. After stimulation of
PMN for 6 or 20 h at 37 ˚C with either 0,
1, 10 or 100 µg/mL of LPS (Sigma Chemical Co.), apoptosis was quantified using
a flow cytometric procedure with staining of phosphatidylserine with a AnnexinV-FLUOS staining kit (Roche, Penzberg,
Germany). Flow cytometric analysis was
performed as described in the previous
section.
2.5. Release of CD14, IL-8 and IL-1β
from bovine PMN
To study the eﬀects of LPS, PMN (5 ×
106 /mL) were cultured with media alone
(control) or stimulated with 1, 10 and
100 µg/mL of LPS (Sigma Chemical Co.)
for either 6 or 20 h at 37 ◦ C. Supernatants
were assayed for IL-8, CD14 and IL-1β.
A time course study was also conducted
to determine the release of CD14 from
PMN (5 × 106 /mL) after stimulation with
100 µg/mL of LPS (Sigma Chemical Co.).
PMN supernatants were collected before,
immediately after and 2, 4, 8 and 16 h relative to stimulation with LPS. Supernatants
were assayed for CD14 by ELISA. Further
experiments were conducted to determine
the eﬀect of PMN concentration and LPS
on the release of CD14, IL-8 and IL-1β.
To study the eﬀect of cell density, PMN
were resuspended in RPMI and plated into
96-well tissue culture plates at 1 × 107 ,
2.5 × 107 , 5 × 107 and 10 × 107 PMN/mL
(200 µL/well), containing 0.1 or 10 µg/mL
of LPS. We hypothesized that with higher
concentrations of PMN, and correspondingly larger pools of membrane CD14 that
could be shed, that lower concentrations of
LPS could evoke enough CD14 shedding
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to suppress IL-8 production. The plates
were incubated at 37 ◦ C for 16 h in a
5% CO2 incubator. Supernatants were collected by centrifugation at 13 000 × g and
assayed for IL-8 and CD14 by ELISA (see
below). To study the eﬀects of LPS, PMN
(5 × 106 /mL) were cultured with media
alone (control) or stimulated with 1, 10 and
100 µg/mL of LPS (Sigma Chemical Co.)
for either 6 or 20 h at 37 ◦ C. Supernatants
were assayed for IL-8, CD14 and IL-1β.

2.6. ELISA for CD14, IL-8 and IL-1β
For the CD14 ELISA, flat-bottom 96well plates were coated with 5 µg/mL of
mouse anti-rbos CD14 (CAM36A clone;
VMRD, Inc., Pullman, WA, USA) diluted
in 0.05 M sodium carbonate, pH 9.6 at 4 ◦ C
for 16 h. The plates were washed 4× with
0.05% Tween 20 (Sigma Chemical Co.) diluted in 50 mM Tris buﬀered saline (TBS,
Sigma Chemical Co.), pH 8.0, and subsequently blocked with 2% fish skin gelatin
(Sigma Chemical Co.,) for 1 h at room
temperature. Plates were washed 3× with
TBS (Sigma Chemical Co.) and 100 µL
of supernatant samples were added to each
well, incubated for 2 h at room temperature
and washed 3× with TBS (Sigma Chemical
Co.). Rabbit anti-bovine CD14 polyclonal
antibody [39] was diluted 1:2000 in TBS
containing 0.2% gelatin (Sigma Chemical Co.), and 100 µL was added to each
well and subsequently washed as above.
One-hundred µL of HRP-conjugated goat
anti-rabbit IgG (H+L; Promega, Madison,
WI, USA) diluted (1:5000) in PBS containing 0.2% gelatin was added to each well.
Plates were incubated for 1 h at room temperature, washed as above, and 100 µL of
tetramethylbenzidine (TMB, Sigma Chemical Co.) substrate solution added to each
well. The reaction was stopped by the
addition of 100 µL of 2 M H2 SO4 and
the absorbance read at 450 nm on a mi-

croplate reader (Bio-Tek Instruments, Inc.,
Winooski, VT, USA).
For IL-8, supernatants were assayed using a commercially available human IL8 ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA). The antibody pairs
used in this kit have been previously shown
to cross-react with bovine IL-8 [37, 38].
The optical density at 450 nm and a correction wavelength of 550 nm was determined on a microplate reader (Bio-Tek
Instruments). Values, expressed in pg/mL,
were interpolated from a standard curve of
known amounts of human IL-8 using linear
regression analysis.
For quantitation of IL-1β, flat bottom
96-well plates were coated overnight at
4 ◦ C with 5 µg/mL of mouse anti-bovine
IL-1β (Serotec, Raleigh, NC, USA) antibody. The plates were washed three times
with 0.05% Tween 20 (Sigma Chemical
Co.) diluted in 50 mM TBS (Sigma Chemical Co.), pH 8.0, and blocked with 2% fish
skin gelatin (Sigma Chemical Co.) for
1 h at room temperature. The plates were
washed, and 100 µL of sample was added
to the anti-IL-1β coated plates. Following a 2-h incubation at room temperature,
the plates were washed, and 100 µL of
rabbit polyclonal anti-bovine IL-1β antibody (Serotec) diluted to 1:500 was added.
The plates were incubated for 1 h at room
temperature and washed. HRP-conjugated
goat anti-rabbit IgG (Promega) was diluted 1:5000 in TBS (Sigma Chemical
Co.) wash buﬀer containing 0.2% gelatin,
and 100 µL of this solution was added to
each well. The plates were incubated for
30 min at room temperature and washed.
TMB substrate solution (Sigma Chemical
Co.) was added to each well. The reaction was stopped by the addition of 100 µL
of 2 M H2 SO4 and the absorbance was
read at 450 nm on a microplate reader
(Bio-Tek Instruments). Values were interpolated from a standard curve of known
amounts of ovine IL-1β using linear regression analysis.
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2.7. LPS stimulation and absolute
quantitative real-time PCR
PMN (5 × 107 ) isolated from 2 cows
were incubated in duplicate for 30 min at
37 ◦ C in RPMI1640 with 0 and 100 µg/mL
of LPS to determine the eﬀect of shortterm LPS exposure on CD14 mRNA expression. In a second experiment, PMN
(5 × 107 ) isolated from 3 cows were incubated in duplicate for 0, 3 and 6 h at 37 ◦ C
in RPMI1640 with 0 and 100 µg/mL LPS
to determine the eﬀect of LPS treatment
on CD14 mRNA expression over time.
Total RNA was extracted from individual
samples using the RNeasy Mini kit (Qiagen, Valencia, CA, USA). RNA concentration and purity were determined using
a NanoDrop ND-1000 spectrophotometer
(Nanotech Technologies, Wilmington, DE,
USA).
Reverse transcription was conducted
using 500 ng of total RNA and the
iScript cDNA Synthesis kit (Bio-Rad
Laboratories, Hercules, CA, USA) in
a 20-µL reaction volume according to
kit instructions. For each reaction, a
parallel negative control reaction was
performed in the absence of reverse
transcriptase. Subsequent PCR was conducted in duplicate using 12.5 µL of
iQ SYBR Green Supermix (Bio-Rad
Laboratories), 2 µL of first strand cDNA
and 0.4 µM of each primer, in a 25-µL
reaction volume according to kit instructions. Primer sequences for CD14 were:
5’-CTCCAGCACCAAAATGAC-3’ (forward) and 5’-TCCTCTTCCCTCTCTTCC3’
(reverse).
Thermocycling
was
performed in the iCycler iQ detection
system (Bio-Rad Laboratories) using the
following conditions: 95 ◦ C for 3 min,
followed by 45 cycles of 94 ◦ C for 15 s,
54 ◦ C for 30 s, and 72 ◦ C for 30 s with fluorescence detection during the extension
step. Identity of the 145-bp amplification product was confirmed by direct
sequencing using a CEQ8000 automated
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sequencer and DTCS Quickstart chemistry
(Beckman Coulter, Inc., Fullerton, CA,
USA). Abundance of CD14 transcripts
was determined using the iCyler Software
from an external standard calibration curve
analyzed simultaneously and expressed as
the number of CD14 transcripts per µg of
total RNA in the reaction. Standards were
synthesized from agarose gel-purified
CD14 PCR amplification products using
the QIAquick Gel Extraction kit (Qiagen),
and ranged from 100 to 1 × 106 copies.
Amplification eﬃciencies for all assays
were between 87 and 95% and correlation
coeﬃcients were ≥ 0.997%.

2.8. Statistical methods
The unpaired or paired sample t-test and
one way analysis of variance (Prism version 4.0 for Windows; Graph Pad Software
Inc., San Diego, CA, USA) were used for
the statistical analyses. The Tuckey Test
was used to assess individual diﬀerences
among treatment means. A P-value < 0.05
was considered significant.

3. RESULTS
3.1. Apoptosis of PMN
To determine if apoptosis contributed to
the release of CD14, PMN were exposed to
1, 10 and 100 µg/mL of LPS for 6 and 20 h.
Apoptosis of bovine PMN was suppressed
(P < 0.05) after 6 h of stimulation with
all concentrations of LPS (Fig. 1A). The
percentage of apoptosis for control PMN
averaged 76% and decreased to 46−50%
after exposure to LPS. After exposure of
PMN for 20 h, percentage of apoptosis for
control PMN averaged 61%, and no eﬀect
of LPS on apoptosis was observed (P >
0.05) when compared to PMN in media
alone (Fig. 1B).
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3.2. Surface CD14 receptor expression
and release of CD14 after
stimulation with LPS
Flow cytometry and FITC-labeled
CD14 was used to detect cell surface
mCD14. The percentage of PMN expressing mCD14 on the control cells
was 35.6% (Fig. 2A). The percentage
of PMN expressing mCD14 decreased
(P < 0.01) to 24% after stimulation with
100 µg/mL of LPS. There was no change

Figure 1. Percentage of apoptotic PMN (5 ×
106 /mL) isolated from 5 cows following 6 h
(A) or 20 h (B) of incubation with varying concentrations of LPS. All concentrations of LPS
reduced (P < 0.05) the percentage of apoptotic PMN after 6 h of incubation. No change
(P > 0.05) in apoptosis was observed with LPS
after 20 h of incubation when compared to unstimulated PMN. Means ± SEM.

in the percentage of PMN fluorescing
when stimulated with either 1 or 10 µg/mL
of LPS when compared to unstimulated
controls. There were no changes in the
LMFC among the various treatments (data
not shown).
An ELISA was used to detect CD14
in PMN supernatants after stimulation
with LPS (0, 1, 10 or 100 µg/mL) for

Figure 2. Eﬀect of diﬀerent concentrations of
LPS on release of CD14 from PMN (1 ×
106 /mL) after incubation at 37 ◦ C for 20 h.
(A) Exposure to 100 µg/mL LPS decreased
the percentage of PMN isolated from 5 cows
expressing mCD14, as determined by flow cytometry, and (B) increased the release of CD14
into PMN (5 × 106 /mL) supernatants (n = 4
cows), as determined by ELISA, when compared to unstimulated PMN or PMN stimulated
with 1 and 10 µg LPS (** P < 0.01). Means ±
SEM.

Bovine neutrophils produce CD14 and IL-8
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Figure 3. Concentration of sCD14 in PMN
supernatants before (0 h), immediately after
(IA) and 2, 4, 8, and 16 h after stimulation of
PMN (5 × 106 /mL) isolated from 5 cows with
100 µg/mL of LPS. Values diﬀer from unstimulated PMN (** P < 0.01). ND = Not detected.
Means ± SEM.

20 h at 37 ◦ C. PMN released CD14
(22 ± 8.8 ng/mL) after stimulation with
100 µg/mL of LPS when compared to unstimulated PMN (P < 0.01) (Fig. 2B),
and reflected the decrease in the percentage
of PMN expressing CD14 on their surface after exposure to 100 µg/mL of LPS
(Fig. 2A). No significant release was observed for PMN stimulated with either 1 or
10 µg/mL of LPS when compared to control media.
3.3. Release of sCD14 from PMN over
time after LPS stimulation
In a follow-up time course study
(Fig. 3), an increase (P < 0.01) in the release of sCD14 was observed immediately
after (IA) the addition of 100 µg/mL LPS,
and did not change throughout the 16 h incubation period. sCD14 was not detected
in the PMN supernatants collected before
(time 0) stimulation with LPS.
3.4. Release of IL-8 and IL-1β from
PMN after LPS stimulation
To investigate release of IL-8, PMN (5×
106 /mL) were incubated for 20 h at 37 ◦ C

Figure 4. Release of IL-8 and IL-1β, as determined by ELISA, from PMN (5 × 106 /mL)
isolated from 5 cows after 20 h of incubation
with diﬀerent concentrations of LPS. (A) 1 and
10 µg of LPS induced release of IL-8 from
PMN. Values diﬀer from unstimulated PMN
(** P < 0.01). ND = Not detected. (B) All
concentrations of LPS induced release of IL1β when compared to unstimulated PMN (P <
0.01). Means ± SEM.

with diﬀerent concentrations of LPS (0,
1, 10, 100 µg/mL). IL-8 secretion from
PMN was greatest (670.4 pg/mL ± 210.2
pg/mL) at a concentration of 1 µg/mL of
LPS (Fig. 4A). Incubation of PMN with
10 and 100 µg/mL LPS decreased IL-8 secretion 41.5 and 95% when compared to
1 µg/mL of LPS. IL-8 was not detected in
supernatants from unstimulated PMN and
did not diﬀer from the amount detected after stimulation with 100 µg/mL LPS. IL-1β
increased (P < 0.01) after stimulation with
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all three concentrations of LPS when compared to media controls (Fig. 4B). All three
concentrations of LPS evoked similar increases in IL-1β (P > 0.05).
3.5. Eﬀect of PMN concentration
on release of sCD14, IL-8 and IL-1β
To investigate the inhibitory eﬀect of
sCD14 on LPS-induced PMN release of
IL-8 and IL-1β, varying concentrations of
PMN were stimulated for 16 h at 37 ◦ C
with either 0.1 or 10 µg/mL LPS. For both
concentrations of LPS, as the release of
sCD14 increased with increasing concentration of PMN (Figs. 5A and 6A), the release of IL-8 decreased (Figs. 5B and 6B).
As depicted in Figure 5A, secretion of
sCD14 after stimulation with 0.1 µg of LPS
increased at the higher cell densities when
compared to a cell density of 1 × 107 /mL.
The increase in sCD14 inhibited release
of IL-8from PMN after stimulation with
0.1 µg/mL of LPS (Fig. 5B). The same inhibitory eﬀect of sCD14 on IL-8 release
was also observed when PMN were stimulated with 10 µg/mL LPS (Figs. 6A and B).
3.6. Expression of intracellular CD14
Abundance of CD14 transcripts in
bovine PMN was determined by absolute
quantitative real-time PCR, and expressed
as the number of transcripts per µg of total RNA in the PCR reaction. We observed
no increase (P > 0.05) in CD14 expression when PMN were exposed for 30 min
to 100 µg/mL LPS relative to control PMN
(Fig. 7A). Likewise, in a more extended
time course, there was no increase (P >
0.05) in CD14 transcript abundance in
LPS-treated PMN relative to controls after
0, 3 or 6 h of treatment (Fig. 7B).
4. DISCUSSION
Contribution of PMN to host defense
and natural immunity extend well beyond

Figure 5. Eﬀect of PMN concentration (n = 5
cows) on release of sCD14 (A) and IL-8 (B) in
response to 0.1 µg/mL LPS. Values diﬀer from
1 × 107 PMN/mL (* P < 0.05, ** P < 0.01).
Means ± SEM.

their traditional role as professional phagocytes. PMN serve as the first immunological defense against invading bacteria
and are key players in both the innate
and acquired immune responses. Early recruitment of PMN is important for rapid
clearance of bacteria and resolution of infection [2, 36, 37]. The role of sCD14
in the rapid recruitment of bovine PMN
has been recently studied. The gene responsible for production of bovine CD14
has been cloned [42], and a baculovirus
containing the N-terminal 1 – 358 amino
acids of bovine CD14 (rbosCD14) was
generated and used to infect insect sf9 cells from which the rbosCD14 was
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Figure 6. Eﬀect of PMN concentration (n = 4
cows) on release of sCD14 (A) and IL-8 (B) in
response to 10 µg/mL of LPS after incubation
for 16 h at 37 ◦ C. (A) Values diﬀer from 1 ×
107 /mL (* P < 0.05). (B) Values diﬀer from
1 × 107 /mL (** P < 0.01).

purified. Recently, rbosCD14 was directly
cloned into a plant virus, and used to infect tobacco plants [25]. The plant-derived
sCD14 (PrbosCD14) was purified from
plant extracts. Both the rbosCD14 and
PrbosCD14 showed good biological activity in dairy cows. When both recombinant proteins were individually combined with LPS and injected into udders
of lactating dairy cows, the resulting increase in milk somatic cells for mammary quarters receiving the recombinant
proteins and LPS were greater compared
to somatic cell counts for quarters injected with just LPS [18, 25, 41]. Further,
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Figure 7. (A) Expression of CD14 mRNA in
PMN (5 × 107 /mL) in response to LPS after
30 min at 37 ◦ C (n = 2 cows). (B) Expression
of CD14 mRNA in PMN (5 × 107 /mL) in response to LPS after 0, 3, or 6 h at 37 ◦ C (n = 3
cows). For both studies, cells were collected
and total RNA was extracted and evaluated by
quantitative real-time RT-PCR. Data shown are
representative of two individual experiments.
Values did not diﬀer from unstimulated PMN
(P > 0.05). Means ± SEM.

quarters injected with the recombinant
proteins and challenged with Escherichia
coli had reduced clinical symptoms, such
as mammary swelling and abnormal milk,
compared to E. coli-challenged quarters
injected with saline [18,25]. Both recombinant proteins also facilitated the clearance
of E. coli from the gland when compared
to bacterial counts from quarters injected
with E. coli plus saline. These results
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suggest that rbosCD14 and PrbosCD14
can be potent prophylactic tools for reducing severity of infection by Gram-negative
organisms.
PMN undergo constitutive apoptosis
when aged in vitro. Aging PMN exhibit
classical features of apoptosis such as
cell shrinkage, cytoplasmic condensation,
and condensation of nuclear heterochromatin [24, 30]. In our experiment, we observed that LPS delayed apoptosis. Because 35% of the isolated PMN used in this
study expressed mCD14, they were able
to bind LPS resulting in an anti-apoptotic
response. LPS has been reported to delay
apoptosis in isolated human PMN [17, 43].
In contrast, using whole blood, van Oostveldt et al. [40] reported that LPS accelerated bovine PMN apoptosis. Interestingly,
in that study PMN apoptosis was induced
following intramammary challenge with E.
coli, but no eﬀect was observed following intramammary injection of LPS [39].
The authors attributed this to the appearance of TNF-α, an inducer of apoptosis,
in blood after challenge with E. coli, that
was not present in blood after challenge
with LPS. During E. coli-induced mastitis, TNF-α appeared in the circulation between 8 and 16 h after inoculation, whereas
after intramammary injection of 500 µg
of endotoxin, it was not detected in blood
or detected only at low concentrations,
compared with concentrations for E. coliinduced mastitis [14,28]. We also observed
that the release of CD14 after exposure to
LPS was not related to apoptosis. After 6 h
of exposure to LPS, all concentrations of
LPS reduced apoptosis, but only the highest concentration induced release of CD14.
The decrease in the percentage of apoptotic
PMN in control media after 20 h of incubation (Fig. 1B) when compared to PMN
in control media after 6 h of incubation
(Fig. 1A), may have been the result of the
dying oﬀ of some of the apoptotic PMN
observed at 6 h. The death of those PMN
may have contributed to the low concentra-

tion of CD14 (3 ng/mL) in control media
(0 µg/mL of LPS) after incubation of PMN
for 20 h (Fig. 2B).
An interesting finding was that the release of CD14 from PMN occurred immediately after stimulation with100 µg/mL
of LPS (Fig. 3), and mimics what was
reported to be observed in vivo [15]. After experimental intramammary challenge
with LPS, the increase in sCD14 in milk
occurred almost immediately after the appearance of somatic cells in milk, and continued to parallel the increase in somatic
cell counts in milk [19]. After injection of
LPS, 95% of the somatic cells consist of
PMN [29]. Further, the increase in blood
serum albumen occurred before the appearance of CD14 in milk, and started to
decrease as CD14 started to increase [19],
suggesting that the PMN component of the
milk somatic cells are the source of CD14
in milk.
Significant findings from the present
study are that in addition to bovine monocytes and macrophages, bovine PMN also
express CD14 on their cell surface. Further, sCD14 results from the shedding
of mCD14 from bovine PMN, which is
accelerated by LPS. These findings are
supported by studies that reported high
mCD14 expression levels on circulating
monocytes and intestinal macrophages derived from patients with Crohn’s disease,
an inflammatory bowel disease [10], and
that mCD14-positive PMN accumulate in
the lungs of patients with acute respiratory distress syndrome. The increase in
sCD14 was suggested to be associated with
the accumulation of PMN at inflammatory
sites [6, 19]. The level of sCD14 was
found to be strongly related to the concentration of PMN in the bronchoalveolar lavage from patients with acute lung
injury [21] and to the concentration of
PMN in milk of cows [19]. LPS induced
the release of CD14 from human PMN,
and was suggested to originate from the
shedding of mCD14 and from an intra-
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cellular pool stored in the granules of
PMN [7, 34]. In our flow cytometry study,
100 µg/mL of LPS caused the percentage of PMN expressing mCD14 to decrease, and resulted in a concomitant increase in sCD14 at the same concentration
of LPS (Figs. 2 and 3). Our study also
showed that bovine PMN have an intracellular pool of CD14, and that mRNA
CD14 expression did not increase after
LPS stimulation when compared to unstimulated PMN. This indicates that the
source of the sCD14 is mCD14. Soluble
CD14 found in human serum has been attributed to the shedding of mCD14 from
monocytes, macrophages and PMN [9]. A
study by Paape et al. [27] reported that
bovine PMN expressed mCD14 after migration into the mammary gland, and that
the increase in sCD14 in milk paralleled
the increase in milk PMN [18].
This is the first study to provide direct evidence that IL-8 and IL-1β are secreted by bovine PMN. Purified bovine
peripheral blood mononuclear cells were
shown to produce an IL-8 like peptide, that
possessed chemotactic activity for bovine
PMN [12]. Culture supernantants from purified peripheral blood PMN were previously shown to produce IL-1 like cytokines
that exhibited IL-1 activity [3]. Locally,
IL-8 and IL-1β promote PMN recruitment to the site of infection by acting
as chemoattractants. Further, the release
of sCD14 from PMN caused down regulation of IL-8 secretion but not IL-1β
secretion from PMN. Soluble CD14 secretion by LPS treated PMN was increased
in parallel with the decrease in IL-8 secretion (Figs. 3 and 5). Further, the increase of sCD14 with increasing concentrations of PMN after stimulation with low
doses of LPS (0.1 and 10 µg/mL) was
also in parallel with the decrease of IL-8
(Figs. 5A, 6B). With higher concentrations
of PMN, there would be correspondingly
larger pools of available membrane CD14
that could be shed. Thus, we hypothesize

105

that lower concentrations of LPS could
evoke enough CD14 shedding to suppress
IL-8 production when higher numbers of
PMN were stimulated. As demonstrated
in Figures 5 and 6, LPS concentrations
of 0.1 and 10 µg/mL were able to induce
CD14 shedding from PMN in high enough
concentration to suppress IL-8 production.
Consistent with our hypothesis, increases
in cell density corresponded with increased
suppression of IL-8. Together, these data
suggest that a critical threshold of CD14
needs to be shed, either from a small number of PMNs in response to a high dose of
LPS, or from a large number of PMNs in
response to a low dose of LPS, in order to
suppress IL-8 production. It was reported
that production of IL-8 was inhibited via
CD14 cleavage by human leukocyte elastase, which might be another mechanism
for the down-regulatory cascade of inflammation [13]. Burkholderia cepacia induced
IL-8 synthesis in human lung epithelial
cells in a CD14 and mitogen activated
protein kinase dependent manner [33]. A
study by Hatta et al. [13] reported that IL-8
synthesis and release were dramatically reduced at high PMN density.
After experimental intramammary challenge with LPS, IL-8 rapidly increased in
milk before the increase in CD14 and appearance of milk somatic cells, and then
began to decrease as CD14 started to increase [19]. Because IL-8 in milk preceded
the increase in somatic cells suggests that
the CD14 released from newly migrated
somatic cells (95% PMN), may also downregulate IL-8 secretion from mammary epithelial and endothelial cells. This negative
feedback mechanism reported in this and
other studies is to be assumed to result
in the inhibition of further PMN recruitment and activation, and contributes to the
control of inflammatory functions and excessive tissue damage in vivo. Generation
of IL-8 from PMN in other species was
previously shown to be regulated by a wide
variety of soluble agonists such as IL-4,
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IL-10, IL-13 and INF-γ [16, 22, 26, 45] and
IL-1 and TNF-α receptors [13].
Although previous studies have used indirect assays to assess cytokine production
by bovine PMN, this is the first study to use
direct measurement assays (i.e., ELISA’s)
to establish that these cells are capable
of secreting CD14, IL-8, and IL-1β. Further, this is the first study to provide evidence that sCD14 results from shedding
of bovine PMN membrane CD14. That
suppression of LPS-induced IL-8 secretion was demonstrated to correlate with
increased sCD14 suggests a potential role
for sCD14 in limiting an exaggerated inflammatory response by down-regulating
expression of a potent chemoattractant.
Further studies, however, will be needed
in order to establish a cause and eﬀect relationship between sCD14 shedding and
down-regulation of IL-8 production.
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