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Clearance of apoptotic neutrophils is a central feature of the resolution of inflammation. Findings indicate
that immuno-modulation and induction of neutrophil apoptosis by macrolide antibiotics generate anti-inflam-
matory benefits via mechanisms that remain obscure. Tulathromycin (TUL), a new antimicrobial agent for
bovine respiratory disease, offers superior clinical efficacy for reasons not fully understood. The aim of this
study was to identify the immuno-modulating effects of tulathromycin and, in this process, to establish
tulathromycin as a new model for characterizing the novel anti-inflammatory properties of antibiotics. Bron-
choalveolar lavage specimens were collected from Holstein calves 3 and 24 h postinfection, challenged intra-
tracheally with live Mannheimia haemolytica (2 ! 107 CFU), and treated with vehicle or tulathromycin (2.5
mg/kg body weight). Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)
staining and enzyme-linked immunosorbent assay (ELISA) revealed that tulathromycin treatment significantly
increased leukocyte apoptosis and reduced levels of proinflammatory leukotriene B4 in M. haemolytica-chal-
lenged calves. In vitro, tulathromycin concentration dependently induced apoptosis in freshly isolated bovine
neutrophils from healthy steers in a capase-3-dependent manner but failed to induce apoptosis in bovine
fibroblasts, epithelial cells, and endothelial cells, as well as freshly isolated bovine blood monocytes and
monocyte-derived macrophages. The proapoptotic effects of TUL were also, in part, drug specific; equimolar
concentrations of penicillin G, oxytetracycline, and ceftiofur failed to cause apoptosis in bovine neutrophils. In
addition, tulathromycin significantly reduced levels of phosphorylated I"B#, nuclear translocation of NF-"B
p65, and mRNA levels of proinflammatory interleukin-8 in lipopolysaccharide (LPS)-stimulated bovine neu-
trophils. The findings illustrate novel mechanisms through which tulathromycin confers anti-inflammatory
benefits.

Excessive extravasation of neutrophils and their uncon-
trolled death by necrosis at the site of inflammation result in
the local release of proteolytic enzymes, reactive oxygen spe-
cies, and proinflammatory mediators, which exacerbate inflam-
matory responses and cause self-amplifying tissue injury (18).
This inflammatory milieu is characterized by the accumulation
of various mediators, including the potent neutrophil chemoat-
tractants CXCL8 (also known as interleukin-8) and leukotri-
ene B4 (LTB4), an arachidonic acid metabolite synthesized via
the 5-lipoxygenase pathway (6, 11). High concentrations of
these products in inflamed tissues have become markers of
self-perpetuating inflammatory disease (6, 19, 47).

Under homeostatic conditions, neutrophils are inactivated
and removed from the site of inflammation by apoptosis (pro-
grammed cell death) (10, 49, 52, 57). During apoptosis, the
destruction of intracellular organelles occurs while cell plasma
membrane integrity is preserved, hence preventing the release

of proinflammatory and histolytic compounds into the sur-
rounding milieu. Ultimately, caspase-3 catalyzes the specific
cleavage of many key cellular proteins and nuclear DNA, lead-
ing to cell death (13). Caspase-3 also inhibits the release of
prosurvival and proinflammatory mediators by cleaving the
transcription factor NF-!B (4, 24, 28, 37, 51). In resting cells,
NF-!B is located in the cytoplasm as an inactive complex
through interactions with inhibitory I!B proteins. Upon stim-
ulation, I!Bs are rapidly phosphorylated and degraded. This in
turn releases NF-!B, allowing its translocation into the nu-
cleus, where it binds to specific DNA sites and induces the
expression of target genes responsible for both inflammation
and cell survival (30). Reports have demonstrated that inhibi-
tion of NF-!B in granulocytes accelerates apoptosis in a
caspase-3-dependent manner (55).

Apoptotic cells are recognized and removed from the site
of inflammation by phagocytes (16, 40, 42). This process
triggers the secretion of anti-inflammatory mediators, such
as transforming growth factor " (TGF-") and interleukin-10
(IL-10) (15, 45). Conversely, should this phagocytic process
or neutrophil apoptosis be inhibited, severe inflammation
will ensue (17, 44, 45). Therefore, studies of the regulatory
mechanisms of neutrophil apoptosis and their consequences
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for the resolution of inflammation represent topics of inten-
sive research activity.

Consistent with recent observations that found that cyclin-
dependent kinase (CDK) inhibitors as well as the veterinary
macrolide tilmicosin enhance the resolution of inflammation
by inducing neutrophil apoptosis, the present study is based on
the hypothesis that antibiotics that promote inflammatory cell
apoptosis may have significant therapeutic benefits in infec-
tious diseases in which host inflammation is central to patho-
genesis (5, 39). The mechanisms and molecular signals that
promote neutrophil apoptosis offer promising research
grounds from which to develop new anti-inflammatory drugs.

Bacterial pneumonia, in humans, cattle, or swine, is a prime
example in which both bacterial virulence factors and host
inflammatory responses participate in disease pathogenesis, a
process that ultimately leads to respiratory failure and death.
This is indeed the case in bovine respiratory disease caused by
Mannheimia haemolytica, (9, 19, 46, 54). M. haemolytica se-
cretes a leukotoxin that opens transmembrane pores in leuko-
cytes (12, 46), which in turn activates NF-!B signaling, and
stimulates the release of various proinflammatory mediators,
including high concentrations of CXCL8 and LTB4 (5, 21).
This process overwhelms the homeostatic apoptotic removal of
inflammatory cells, which accumulate and die by necrosis at
the site of inflammation (5). Therefore, this model offers an
ideal opportunity to investigate the mechanisms and benefits of
antibiotic-induced neutrophil apoptosis.

Macrolide antibiotics are known to modulate immune cell
functions in addition to their antimicrobial function. This class
of antibiotics is known to influence the recruitment and infil-
tration of neutrophils (23, 26, 31) and to alter their ability to
secrete histotoxic compounds (23) and proinflammatory cyto-
kines (31, 50, 53). Recent findings also indicate that some
macrolides may induce cellular death by apoptosis (3, 5, 7, 8,
26) and block NF-!B signaling in T lymphocytes, macrophages,
or epithelial cells (27, 36, 56). However, the precise mecha-
nisms underlying the anti-inflammatory and proapoptotic ac-
tivities of macrolides in neutrophils remain unclear. Of partic-
ular interest, research is warranted to determine whether these
processes involve a modulation of NF-!B, a pivotal transcrip-
tion factor during inflammation.

Tulathromycin belongs to a new class of triamilide macro-
lides; its 15-membered ring comprised of 3 polar amine groups
distinguishes it from other macrolides (14). This semisynthetic
derivative of erythromycin is used for the treatment and pre-
vention of respiratory disease in cattle and swine. The thera-
peutic success of tulathromycin is partially attributed to its
pharmacodynamic concentration in appropriate tissues and
low inhibitory concentrations against various bacterial patho-
gens (14). Additionally, tulathromycin has a very high affinity
for uptake within neutrophils and, to a lesser extent, macro-
phages, which helps target the delivery of the drug to infected
tissues (14). Compared to other antibiotics used in the treat-
ment and prevention of bovine respiratory disease, tulathro-
mycin has shown superior clinical efficacy and clears the infec-
tion and inflammation for reasons that remain not completely
understood (14, 35, 38, 48). We hypothesized that tulathromy-
cin offers a powerful model system to uncover novel mecha-
nisms through which induction of neutrophil apoptosis may
confer anti-inflammatory benefits to an antibiotic.

Using complementary models of experimental bovine respi-
ratory disease in calves in vivo and cell systems in vitro, this
study investigates the immuno-modulating and proapoptotic
mechanisms of tulathromycin in bovine neutrophils. Together,
the results illustrate for the first time that tulathromycin in-
duces neutrophil apoptosis and modulates proinflammatory
signaling. In a broader sense, findings from this study reveal
mechanisms through which antibiotic-induced neutrophil apop-
tosis and inhibition of NF-!B signaling reduce the production
of mediators that are responsible for severe inflammation in a
variety of disorders, including bacterial pneumonia.

MATERIALS AND METHODS

Animals. Male healthy Holstein calves, 2 to 3 weeks old and weighing 47 to 53
kg, were used in all experiments. After 7 days of acclimation, calves were ran-
domly assigned to 1 of 3 groups: (i) control calves given 10 ml endotoxin-free
Hanks’ balanced salt solution vehicle (HBSS; with NaHCO3 and without phenol
red, calcium chloride, or magnesium sulfate) intratracheally, (ii) infected un-
treated calves challenged intratracheally with 2 # 107 CFU live M. haemolytica
in 10 ml HBSS in combination with a subcutaneous injection of 25% propylene
glycol vehicle, or (iii) infected treated calves given a subcutaneous injection of
tulathromycin (Draxxin; Pfizer Animal Health, Kalamazoo, MI) using the rec-
ommended dose, 2.5 mg/kg body weight, at the time of intratracheal infection.
Calves were housed at the animal facilities of the University of Calgary (Spy Hill
location), fed antibiotic-free milk replacer 2 times a day, and given access to
water ad libitum. Photoperiods were 12:12 h, and temperature was 20 $ 3°C with
40% humidity. Care and experimental practices were conducted under the stan-
dards of the Canadian Council on Animal Care and approved by the University
of Calgary Life and Environmental Science Animal Care Committee.

Bacteria. Mannheimia haemolytica biotype A serotype 1 (strain B122), isolated
from a steer that died from pneumonic pasteurellosis, was used for infection, as
previously described (32). Bacteria were grown overnight on Columbia blood
agar plates at 37°C. Flasks of sterile Columbia broth were inoculated with three
bacterial colonies and incubated overnight at 37°C in a shaking incubator. In-
oculants were prepared at a bacterial concentration of 2 # 108 CFU M. haemo-
lytica//ml, as estimated by MacFarland nephelometry, and confirmed by CFU
enumeration on Columbia blood agar. The bacterial suspension was then resus-
pended in endotoxin-free HBSS to a final concentration of 2 # 107 CFU prior to
inoculation.

Bacterial challenge in vivo. Following local lidocane anesthesia (2% HCl and
epinephrine injection; Biomeda-MTC, Animal Health Inc.), a sterile trochar was
inserted through a percutaneous incision into the trachea of each calf, a sterile
1.7-mm catheter (Kendall Sovereign, Mansfield MA) was threaded through the
trochar with the catheter tip extending to the tracheal bifurcation, and 2 # 107

CFU live M. haemolytica in 10 ml HBSS was injected through the catheter into
the lungs, as previously described (8). Control and untreated calves received 10
ml HBSS vehicle only. The catheter and trochar were removed, and the incision
was sealed using tissue adhesive (Vet-Bond; 3 M Animal Care Products, St. Paul,
MN). Rectal temperatures, respiratory rate, and heart rate were measured to
ensure that all calves were healthy prior to infection. There was no significant
change in these measures at 3 and 24 h postinfection in any of the experimental
groups.

Bronchoalveolar lavage. Three and 24 h postinoculation, bronchoalveolar
lavage (BAL) fluid samples were obtained by 3 sequential washings with 20 ml of
endotoxin-free sterile HBSS, as described previously (8). BAL fluid (100 %l) was
centrifuged for 10 min at 1,000 # rpm onto a microscope slide, using a Shandon
Cytospin 4 cytocentrifuge (Thermo Electron Corporation, Pittsburgh, PA). Cells
were fixed with either DiffQuick stain (Baxter Healthcare Corp., Miami, FL) or
4% paraformaldehyde in pyrogen-free phosphate-buffered saline (PBS) solution
(pH 7.2, 0.15 M NaCl) for cell identification and apoptosis detection, respec-
tively. Infiltration of neutrophils was calculated for each sample as the percent-
age of neutrophils in total leukocytes in the BAL fluid. The remaining BAL fluid
was centrifuged for 10 min at 1,500 # g. A portion of the BAL fluid supernatant
was serially diluted, plated onto Columbia blood agar, and incubated overnight
at 37°C for enumeration of M. haemolytica organisms. The remainder of the
supernatants were snap-frozen in liquid nitrogen and stored at &80°C for further
analysis. The pellet was resuspended in HBSS, cell counts were determined using
a hemocytometer, and equal numbers of leukocytes were used for detection of
apoptosis, as described below.
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Neutrophil purification for studies in vitro. Purified neutrophil preparations
were obtained from peripheral blood drawn from the jugular veins of healthy
Holstein cows into BD Vacutainers containing 1.5 ml anticoagulant acid citrate
dextrose (ACD solution A; Becton Dickinson Vacutainer Systems, Franklin
Lakes, NJ), as previously described (7, 8, 26). Briefly, the blood was pooled and
spun at 1,200 # g for 20 min at 4°C. The plasma and buffy coat were removed,
and the remaining cells were washed with 20 ml HBSS and spun again at 1,200
# g for 10 min at 4°C. Contaminating erythrocytes were eliminated with 20 ml of
cold filter-sterilized hypotonic lysis solution (10.6 mM Na2HPO4, 2.7 mM
NaH2PO4), and isotonicity was restored by adding 10 ml of cold 3# hypertonic
restoring solution (10.6 mM Na2HPO4, 2.7 mM NaH2PO4, 462 mM NaCl). The
lysing procedure was repeated two more times. After centrifugation at 1,200 #
g, the cell pellet was resuspended in HBSS containing 10% heat-inactivated fetal
bovine serum (HI-FBS; Sigma) to optimize the cell environment. Using a he-
mocytometer, neutrophil viability was determined, based on the percentage of
cells that excluded 0.1% trypan blue (Flow Laboratories Inc., McLean, VA).
Differential cell counts were performed on cytospin preparations stained with
DiffQuick (Baxter Healthcare Corp., Miami, FL) to assess neutrophil purity.
Neutrophil populations used were '90% pure and '90% viable throughout the
study.

Monocyte isolation, macrophage differentiation, and cell lines used in the
study. Isolation of circulating bovine monocytes was performed via differential
centrifugation at 1,200 # g for 20 min in a Beckman J-6B centrifuge (Beckman
Instruments, Palo Alto, CA) at 4°C, as previously described (7). The buffy coat
was diluted 1:1 with sterile 0.9% NaCl (Sigma), layered onto a polysucrose and
sodium diatrixoate gradient (Histopaque-1077; Sigma), and centrifuged at
1,500 # g for 40 min at 4°C. The cell suspension was collected, washed with
HBSS, and centrifuged at 500 # g for 10 min, and contaminating erythrocytes
were removed by hypotonic lysis. Monocytes were resuspended in Iscove’s mod-
ified Dulbecco’s medium (IMDM; Sigma) and used for same-day experiments or
cultured for macrophage differentiation. Cells were counted using a hemocytom-
eter, and viability was assessed by 0.1% trypan blue (Flow Laboratories Inc.,
McLean, VA) exclusion. Differential cell counts were performed on cytospin
preparations stained with DiffQuick to assess monocyte purity. Cells were incu-
bated at 37°C, 5% CO2, in either 24-well plates (Costar, Cambridge, MA) for cell
death assays or Labtek chamber slides (Nalge Nune International, Naperville,
IL) for nonspecific esterase staining. Nonadherent cells were removed by wash-
ing them three times (37°C HBSS), and adherent monocytes were incubated at
37°C, 5% CO2, in IMDM containing 10% HI-FBS, 0.9% penicillin-streptomycin,
and 0.9% tylosin (all from Sigma) for 7 days for macrophage differentiation.
Esterase staining (Sigma) was done on days 2, 4, 6, and 7 to assess macrophage
maturation as previously described (7). Viability of cells isolated for macrophage
differentiation were '95% pure throughout the study. Macrophages were '95%
mature at 7 days.

The bovine kidney epithelial cell line, MDBK (NBL-1, ATCC, Manassas, VA)
and the bovine tracheal fibroblast cell line EBTr (NBL-4, ATCC) were grown in
minimum essential medium (Eagle’s modification) containing 2 mM L-glutamine
and Earle’s balanced salt solution containing 1.5 g/liter sodium bicarbonate, 0.1
mM nonessential amino acids, 1.0 mM sodium pyruvate, and 10% HI-FBS (all
from Sigma). The bovine pulmonary endothelial cell line CPA47 (ATCC) was
grown in Kaighn’s modified F-12K media (Invitrogen, Carlsbad, CA) containing
10% HI-FBS, 100 U/ml penicillin, 100 %g/ml streptomycin, and 80 %g/ml tylosin
(all from Sigma). The day of experiments, the culture media were replaced with
media containing no antibiotics. All cell lines were cultured at 37°C and 5% CO2.

Apoptotic DNA fragmentation. Apoptotic cell death was first examined using
fluorescent in situ terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling (TUNEL) staining. Cytospin preparations were permeabilized
in 0.1% Triton X-100 in PBS, and the TUNEL reaction was carried out according
to the manufacturer’s instructions (Roche Diagnostics, Laval, Quebec, Canada).
Slides were counterstained with a Hoechst 33258 nuclear stain (Molecular
Probes, Eugene, OR) (data not shown). Wavelengths for fluorescence were
monitored with excitation at 488 nm and emissions at 515 nm for fluorescein and
with excitation at 350 nm and emission at 461 nm for Hoechst. Quantifications of
positive cells in TUNEL were performed by taking images of slides containing
cells isolated from the BAL fluid collected from the control and sham- and
tulathromycin-treated M. haemolytica-infected calves at a magnification of #400
using a Leica DMR fluorescent microscope. Micrographs were taken using a
Retiga 2000x (Q Imaging, Surrey, British Columbia) and analyzed with Velocity
(Improvision, Waltham, MA).

To further assess the proapoptotic effects of tulathromycin, a cell death de-
tection enzyme-linked immunosorbent assay (ELISA) kit (Roche) was used
according to the manufacturer’s instructions, as previously described (8). Pho-
tometric development was measured at 405 nm using a THERMOmax micro-

plate reader (Molecular Devices Corp., Menlo Park, CA). Colorimetric changes
were measured using a SpectraMax M2e microplate reader (Molecular Devices,
Sunnyvale, CA). Apoptosis was expressed as the absorbance ratios of the exper-
imental cell lysates versus absorbances from unmanipulated controls arbitrarily
set as 1.0 (100%). For time and dose dependence experiments, purified neutro-
phils (106 cells) were incubated with tulathromycin (50 %g to 2 mg per ml) at
37°C and 5% CO2 for 0.5 to 2 h. Tulathromycin-induced cell apoptosis was
assessed in freshly isolated bovine mononuclear leukocytes, monocyte-derived
macrophages, CPA47 endothelial cells, MDBK epithelial cells, and EBTr fibro-
blasts and compared with induction of apoptosis in neutrophils, using 24-well
plates as described above. To assess and compare the effects of tulathromycin
and other drugs used to treat bovine respiratory disease on neutrophil apoptosis,
purified neutrophils were coincubated with 2 mg/ml tulathromycin or equimolar
concentrations of penicillin G, ceftiofur sodium, or oxytetracycline (all from
Sigma) for 0.5 h at 37°C and 5% CO2. For all experiments, cells treated with
HBSS containing 10% HI-FBS or 1.0 %M staurosporine were used as negative
and positive controls, respectively.

Translocation of phosphatidylserine. Neutrophil apoptosis in individual cells
was also examined using an annexin V FLUOS staining kit (Roche) according to
the manufacturer’s instructions. A wet mount of 15 %l of the stained cells was
prepared and was visualized under fluorescent microscopy. Apoptotic cells ap-
peared solid green (excitation at 450 nm, emission at 490 nm) and necrotic cells
appeared green with red nuclei (excitation at 535 nm, emission at 550 nm).
Images were taken using a Leica DMR fluorescent microscope and a Retiga
2000x (Q Imaging) camera and analyzed with Velocity (Improvision).

Caspase activity assays. Caspase activity in bovine neutrophils was assessed in
triplicate using a caspase-3 activity assay (Calbiochem, La Jolla, CA) according
to the manufacturer’s instructions. Briefly, 1 # 106 cells were treated with the
caspase-3 substrate (Asp-Glu-Val-Asp; DEVD) labeled with a fluorescent mol-
ecule, 7-amino-4-trifluoromethyl coumarin (AFC). The synthetic peptide sub-
strate DEVD-AFC was added and cleaved by caspase-3 to also generate fluo-
rescent AFC. The reaction was monitored by a blue-to-green shift in
fluorescence upon cleavage of the AFC fluoroflore using a SpectraMax M2e
microplate reader (Molecular Devices).

Leukotriene B4 assay. Levels of CXCL8 could not be detected in the BAL
fluid in these studies (data not shown). Therefore, the effect of tulathromycin
treatment in experimentally infected calves on the bronchoalveolar accumulation
of another marker of severe inflammation, LTB4, was measured in BAL fluid
from experimentally infected calves. Concentrations of LTB4 in the bronchoal-
veolar lavage fluid supernatants were determined (THERMOmax microplate
reader; Molecular Devices Corp., Menlo Park, CA) at 405 nm using a compet-
itive enzyme immunometric assay kit (Leukotriene B4 EIA kit; Cayman Chem-
ical Co., Ann Arbor MI). The specificity of the assay is 100% for LTB4, 0.03%
for 5(S)-HETE, and (0.01% for LTC4, LTE4, LTD4, and LTF4 and has a
detection limit of 7 pg/ml. Colorimetric changes were measured using a Spec-
traMax M2e microplate reader (Molecular Devices).

Western blotting. Changes in phosphorylation of I!B), nuclear translocation
of the p65 subunit of NF-!B, and cleaved caspase-3 were assessed using Western
blotting techniques. Treated cells were washed with HBSS and lysed using a lysis
buffer (1% Igepal CA-630, 0.1% SDS, 0.5% sodium deoxycholate diluted in 1#
PBS; all from Sigma) containing a protease inhibitor cocktail tablet (Complete
Mini; Roche Diagnostics). Total protein concentration was determined using a
Bradford protein assay (Bio-Rad Laboratories, Mississauga, Ontario, Canada)
according to the manufacturer’s instructions. Whole-cell lysates were diluted at
a 1:1 ratio in 2# electrophoresis buffer and boiled at 90°C for 5 min. Proteins
were resolved on 10% SDS-polyacrylamide gel by electrophoresis and were
electro-transferred to nitrocellulose membranes (Sigma). Membranes were
blocked in 5% nonfat dry milk in TBS containing 0.5% Tween 20 (TBS-T) for 1 h
at room temperature (RT). The blots were probed with monoclonal mouse
anti-phospho-I!B) (Ser32/36), rabbit anti-cleaved caspase-3 antibodies (Cell
Signaling Technology, Danvers, MA), and mouse anti-NF-!B p65 (F-6; Santa
Cruz) at a dilution of 1:500. After exposure to each primary antibody, the blots
were incubated with anti-mouse/rabbit secondary antibodies conjugated with
horseradish peroxidase (all from Cell Signaling) at a final dilution of 1:1,000 for
1 h at RT and subjected to band visualization with an enhanced chemilumines-
cence detection system as described by the manufacturer (ECL plus; GE Health-
care, Pittsburgh, PA). All membranes were stripped in 0.5 M acetic acid for 1 h
at RT and reprobed for goat anti-actin and anti-goat (Santa Cruz Biotechnolo-
gies, Santa Cruz, CA) at a dilution of 1:1,000. Densitometry analysis was per-
formed using a Canon CanoScan 4400F scanner and Image J densitometry
software (http://rsbweb.nih.gov/ij/).

RNA isolation and real-time PCR analysis. Total RNA was isolated from
vehicle- or drug-treated neutrophils using the RNeasy minikit (Qiagen, Missis-
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sauga, Ontario, Canada), and mRNA was reverse transcribed using the Super-
Script first-strand synthesis system (Invitrogen) and a MyCycler thermocycler
(Bio-Rad), according to the manufacturer’s instructions. The first-strand cDNA
was used as a template in the subsequent PCR analyses. Transcript levels were
determined by real-time PCR using the Sybr green PCR master mix reagent kit
and an iCycler real-time PCR detection system (Bio-Rad Laboratories). The
PCR primer sequences used were designed as previously described (33). The
following primers were used: CXCL8 forward (CATGTTCTGTGTGGGTC
TGG) and reverse (CAGGTGAGGGTTGCAAGATT;); GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) forward (CCTGGAGAAACCTGCCAAGT)
and reverse (GCCAAATTCATTGTCGTACCA). Cycling conditions for real-
time PCR were as follows: 95°C for 3 min, followed by 40 cycles at 95°C for 30 s,
and an annealing temperature of 62°C for 30 s and 72°C for 30 s. Relative levels
of CXCL8 transcripts were calculated using individual standard curves and
normalized to relative GAPDH mRNA levels.

Statistical analysis. Statistical analyses of the data were made using one-way
analysis of variance (ANOVA). Multicomparison post hoc analysis was per-
formed with the Tukey test. Statistical significance was established at a P value

of (0.05. Numeric values were expressed as means $ standard errors of the
means (SEM).

RESULTS

Tulathromycin induces leukocyte apoptosis in calves chal-
lenged intratracheally with live M. haemolytica and inhibits the
increase of BAL fluid LTB4 caused by infection. Calves in-
fected with M. haemolytica, but not control animals, contained
elevated concentrations of bacteria and high numbers of neu-
trophils ('90% of BAL fluid cells) in their bronchoalveolar
lavage specimens at 3 h postinfection (Table 1). Tulathromy-
cin-treated animals had significantly less bacteria in the lungs
24 h postinfection, but neutrophil numbers were not different

FIG. 1. Tulathromycin induces cell apoptosis in calves challenged intratracheally with live M. haemolytica. (A) Fluorescent staining of
bronchoalveolar lavage (BAL) samples fixed with 4% paraformaldehyde. Green represents TUNEL staining of apoptotic cells. Levels of apoptotic
mono-/oligonucleosomes in BAL samples isolated from sham-treated (control), M. haemolytica-challenged calves (M. haem) and tulathromycin-
treated calves challenged with M. haemolytica (M. haem * TUL) were measured using a cell death ELISA at 3 h (B) and 24 h (C) postinfection.
Values were calculated as absorbance ratios versus values measured with cells from uninfected control calves. Values are means $ standard errors
of the means. n + 5 to 8/group. *, P ( 0.05.

TABLE 1. Calf rectal temperatures, numbers of M. haemolytica CFU, and percentages of leukocytes recovered from the bronchoalveolar
lavage fluid of calves at 3 h and 24 h postinfection

Parameter
Control M. haemolytica M. haemolytica * TUL

3 h 24 h 3 h 24 h 3 h 24 h

Bacteria (CFU/ml) 0 0 1.54 # 106a 2.45 # 106b 8.85 # 105a 6.0 # 101c

Neutrophils (%) 31.3 76.4 90.9d 83.3 91.8d 71.3
Rectal temp (°C) 39.5 39.3 39.5 39.8 39.5 38.9

a P ( 0.05 compared to 3-h control.
b P ( 0.05 compared to 24-h control.
c P ( 0.05 compared to 24-h M. haemolytica.
d P ( 0.05 compared to 3-h control.
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(Table 1). There was no significant difference in rectal tem-
peratures between any of the groups (Table 1).

Three hours postchallenge, there were greater numbers of
BAL fluid leukocytes exhibiting TUNEL-positive staining in
infected animals treated with tulathromycin than in the other
groups, in which TUNEL-positive leukocytes were few (Fig.
1A). Hoechst staining also revealed an increase in leukocytes
containing broken nuclear structures in the BAL fluid isolated
from tulathromycin-treated animals infected 3 h postchallenge
(data not shown). A cell death detection ELISA confirmed
that tulathromycin-treated calves contained levels of apoptotic
leukocytes significantly higher than those of controls or vehi-
cle-treated infected calves at 3 h, but not 24 h, postchallenge
(Fig. 1B and C).

By 24 h postchallenge, BAL fluid LTB4 was significantly
higher in infected untreated calves than that in controls;
treatment with tulathromycin prevented this increase in
LTB4 (Fig. 2B).

Tulathromycin induces apoptosis, but not necrosis, in bo-
vine neutrophils in vitro. To further investigate the proapop-
totic effects of tulathromycin observed in vivo, freshly isolated
neutrophils were incubated with various concentrations of tu-
lathromycin. After 30 min of incubation, 1 mg/ml and 2 mg/ml
tulathromycin significantly increased neutrophil apoptosis
compared to controls (Fig. 3A). After 2 h of incubation, the
lower concentrations of 50 %g/ml and 0.5 mg/ml tulathromycin
also induced neutrophil apoptosis (Fig. 3A). Consistent with
previous studies that showed that tulathromycin accumulates
in neutrophils at intracellular concentrations 26-fold greater
than extracellular concentrations (14) and in view of our ex-
perimental findings, 2 mg/ml of tulathromycin was selected for
the majority of our subsequent studies in vitro in an attempt to

best reflect physiological conditions in which the drug accumu-
lates at high concentrations within the cell. Annexin V-fluo-
rescein isothiocyanate (FITC) and propidium iodine staining
confirmed that tulathromycin (2 mg/ml) induces neutrophil
apoptosis, but not necrosis (Fig. 3B). Staurosporine (1 %M),
used as a positive control in all experiments, also induced
apoptosis in neutrophils (data not shown).

Antibiotic-induced apoptosis in bovine neutrophils is
caspase-3 dependent and occurs in the presence or absence of
live M. haemolytica. Another set of experiments determined
whether the proapoptotic effects of tulathromycin were asso-
ciated with the activation of caspase-3. Using a caspase-3-
specific activity assay and Western blotting, experiments re-
vealed a significant increase in caspase-3 activity (Fig. 4A) and
cleaved caspase-3 fragments (Fig. 4B) in bovine neutrophils
treated with tulathromycin. This effect was observed in tulath-
romycin-treated neutrophils at 15 min, as well as at 30 min
(data not shown). Pretreatment of bovine neutrophils with the
selective caspase-3 inhibitor, DEVD, blocked the proapoptotic

FIG. 2. Tulathromycin reduces levels of leukotriene B4 in calves
challenged intratracheally with live M. haemolytica. LTB4 synthesis in
the bronchoalveolar lavage fluid isolated from sham-treated calves
(control), M. haemolytica-challenged calves (M. haem) and tulathro-
mycin-treated calves challenged with M. haemolytica (M. haem *
TUL) at 3 h (A) and 24 h (B) postinfection. Values are means $
standard errors of the means. n + 5 to 8/group. *, P ( 0.05 versus
control; #, P ( 0.05 versus M. haemolytica-challenged calves.

FIG. 3. Tulathromycin induces apoptosis in bovine neutrophils in a
time- and concentration-dependent manner in vitro. (A) Levels of
apoptotic mono-/oligonucleosomes in neutrophils incubated with tu-
lathromycin (50 %g/ml to 2 mg/ml) for 0.5 h and 2.0 h were measured
using a cell death ELISA. Values were calculated as absorbance ratios
versus values measured in neutrophils from controls incubated with
HBSS (control), arbitrarily set to 1.0. (B) Fluorescent staining of apop-
totic neutrophils after 0.5 h of incubation with HBSS (control) or
tulathromycin (TUL; 2 mg/ml), as determined by annexin V-FITC
fluorescent staining of externalized phosphatidyl serine. Values are
means $ standard errors of the means. n + 6/group. * and #, P ( 0.05
versus control.
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effects of tulathromycin, or staurosporine, in these cells (Fig.
4C). Moreover, tulathromycin induced similar levels of neu-
trophil apoptosis, regardless of the presence or absence of live
M. haemolytica (Fig. 5).

Tulathromycin-induced apoptosis is, at least in part, cell
and drug specific. To investigate the cell selectivity of tulath-
romycin’s proapoptotic effects, various bovine cell types
were treated with 2 mg/ml tulathromycin for 30 min. Tu-
lathromycin induced apoptosis in neutrophils, but not in
cultured bovine pulmonary endothelial (CPA47) cells, kid-
ney epithelial cells (MDBK), tracheal fibroblasts (EBTr),
freshly isolated bovine blood monocytes, or monocyte-derived
macrophages (Fig. 6A). Staurosporine induced apoptosis in all
cell types (data not shown). At equimolar concentrations equal
to 2 mg/ml of tulathromycin, tulathromycin induced neutrophil
apoptosis, but penicillin, ceftiofur, or oxytetracycline failed to
do so (Fig. 6B).

Tulathromycin reduces expression of phosphorylated I"B#
and nuclear translocation of the NF-"B p65 subunit. As
caspase-3 may cleave a variety of NF-!B proteins (4, 24, 28),
further experiments assessed whether the proapoptotic ef-
fects of tulathromycin were associated with a modulation of
NF-!B signaling. LPS significantly increased the levels of

FIG. 4. Induction of apoptosis in bovine neutrophils by tulathromycin is caspase-3 dependent. (A) Activity of caspase-3 in neutrophils treated
with HBSS (control) or 2 mg/ml tulathromycin after 0.25 h. (B) Western blot analysis of cleaved caspase-3 in control and tulathromycin-treated
(TUL; 2 mg/ml) bovine neutrophils for 0.25 h. Data illustrate 1 control and 3 tulathromycin-treated samples from 3 separate experiments. (C) Cell
death ELISA of bovine neutrophils pretreated with a caspase-3 inhibitor (DEVD; 50 %M) for 1 h, followed by treatment with HBSS or
tulathromycin (TUL; 2 mg/ml) for 0.5 h. Neutrophils treated with staurosporine (stauro; 1 %M) served as a positive control. Values are means $
standard errors of the means. n + 3 to 6/group. *, P ( 0.05 versus control.

FIG. 5. Tulathromycin induces apoptosis in bovine neutrophils in
the presence and absence of live M. haemolytica. Levels of apoptotic
mono-/oligonucleosomes in neutrophils incubated with HBSS (con-
trol) or tulathromycin (TUL; 2 mg/ml) for 0.5 h in the presence or
absence of 2 # 107 CFU M. haemolytica were measured using a cell
death ELISA. Values were calculated as absorbance ratios versus
values measured with neutrophils from controls incubated with HBSS,
arbitrarily set to 1.0. Values are means $ standard errors of the means.
n + 4 to 6/group. *, P ( 0.05 versus control.
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I!B) phosphorylation in bovine neutrophils; treatment with
tulathromycin inhibited LPS-induced I!B) phosphorylation
in these cells (Fig. 7A and B). Additionally, LPS also pro-
moted the cytosol-to-nucleus translocation of the NF-!B
p65 subunit in bovine neutrophils; treatment with tulathro-
mycin prevented the translocation of the NF-!B p65 subunit
(Fig. 7C).

TUL inhibits mRNA transcription of CXCL8. Interleukin-8
(CXCL8) is a proinflammatory gene product of the NF-!B
signaling pathway. Our findings demonstrated that stimulation
of bovine neutrophils with LPS (1 %g/ml) significantly in-
creased mRNA transcription of CXCL8 (1.4-fold increase)
(Fig. 8). Moreover, in addition to significantly reducing phos-
phorylated levels of I!B) and reducing translocation of p65
into the nucleus, treatment with tulathromycin (2 mg/ml for

1.0 h) in LPS-stimulated bovine neutrophils significantly re-
duced mRNA transcription of CXCL8 (0.55-fold decrease)
(Fig. 8).

DISCUSSION

Selective drug-induced activation of neutrophil apoptosis
offers a promising avenue for the development of new thera-
peutics with anti-inflammatory properties. Results from this
study illustrate how tulathromycin, in addition to its antimicro-
bial effects, has immuno-modulatory benefits. Findings indi-
cate that tulathromycin significantly reduces the accumulation
of proinflammatory LTB4 in the bronchoalveolar spaces of M.
haemolytica-infected calves. Preceding this effect, a striking
increase in the numbers of apoptotic leukocytes, as determined
by TUNEL staining and quantification of apoptotic mono- and
oligo-nucleosomes, was observed with the lungs of the animals
treated with the antibiotic. The effect was observed without a
reduction in the numbers of total neutrophils infiltrating the
bronchoalveolar spaces early in the infection. The observations
prompted investigations into the proapoptotic mechanisms in-
duced by tulathromycin, and we sought to assess how in turn
this may modulate proinflammatory signaling using freshly iso-
lated bovine neutrophils. The results demonstrate that tulath-
romycin directly induces neutrophil apoptosis in both a con-
centration- and time-dependent manner, regardless of the
presence or absence of live M. haemolytica. The proapoptotic
effects of the antibiotic are caspase-3 dependent. Tulathromy-
cin induced apoptosis in bovine neutrophils, but not in bovine
fibroblasts, epithelial cells, endothelial cells, freshly isolated
bovine blood monocytes, or monocyte-derived macrophages.
Moreover, the proapoptotic effect of the antibiotic could not
be induced with equimolar concentrations of penicillin, oxytet-
racycline, or ceftiofur. Importantly, the data demonstrate that
the proapoptotic effect of tulathromycin is associated with a
significant decrease in phosphorylation of I!B), nuclear trans-
location of the NF-!B p65 subunit, and an inhibition of
CXCL8 mRNA transcription. Together, the present findings
reveal novel mechanisms through which induction of neutro-
phil apoptosis and modulation of proinflammatory signaling
may confer anti-inflammatory benefits to an antibiotic.

Local necrosis and self-perpetuating recruitment of neutro-
phils are responsible for severe tissue damage in a variety of
inflammatory disorders, including bacterial pneumonia. The
model described herein offers a new opportunity to investigate
how drug-induced neutrophil apoptosis may deliver anti-in-
flammatory benefits in a target species. Bovine pneumonia
caused by M. haemolytica is responsible for severe pulmonary
inflammation, leading to respiratory failure and death within
48 to 72 h, via mechanisms that are shared with human pneu-
monia (9). In the bovine lung, M. haemolytica leukotoxins are
known to induce necrosis in neutrophils and alveolar macro-
phages, which in turn impairs antibacterial defenses, further
amplifying the inflammatory response (12, 46). The toxic com-
pounds and proinflammatory mediators released by necrotic
leukocytes exacerbate the inflammatory injury. Findings from
this study suggest that tulathromycin may interrupt this proin-
flammatory cascade by inducing neutrophil apoptosis and by
reducing the local accumulation of the potent neutrophil che-
moattractant LTB4. Results from studies of bovine cells in vitro

FIG. 6. Tulathromycin-induced apoptosis is cell (A) and drug
(B) selective. (A) Administration of tulathromycin increases levels of
apoptotic mono-/oligonucleosomes in bovine neutrophils (PMN) but
not in bovine epithelial cells (MDBK), fibroblasts (EBTr), endothelial
cells (CPA47), freshly isolated blood monocytes (MONO), or mono-
cyte-derived macrophages (MAC). (B) Tulathromycin (TUL; 2 mg/ml)
but not ceftiofur (CEFT), oxytetracycline (OXYTET), or penicillin G
(PEN-G) added at equimolar concentrations for 0.5 h increases levels
of apoptosis in bovine neutrophils. Values were calculated as absor-
bance ratios versus values measured in neutrophils from control sam-
ples incubated with HBSS, arbitrarily set to 1.0. Values are means $
standard errors of the means. n + 4/group. *, P ( 0.05 versus control.
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lend further support to this hypothesis and uncover a novel
mechanism through which drug-induced neutrophil apoptosis
may inhibit NF-!B activation and the subsequent transcription
of CXCL8.

In addition to their antimicrobial properties, macrolides
have a broad range of nonantibiotic properties. Some have anti
cancer activity and anti angiogenic effects (58). Macrolides are
also known to modulate host immunity and inflammation (5,
22). Recent observations indicate that the macrolides azithro-
mycin and 16-ring tilmicosin, another veterinary antibiotic,
may induce neutrophil apoptosis and promote the resolution
of inflammation via mechanisms that remain obscure (5, 7, 8,
25, 26). Once terminally differentiated neutrophils reach the
site of inflammation, they may alter their proinflammatory

signals to an anti-inflammatory response, and induction of
neutrophil apoptosis can contribute to this effect (17, 42, 45).
Consistent with these observations, the findings reported here
demonstrate for the first time that tulathromycin, a 15-ring
triamilide macrolide with superior clinical efficacy, promotes
neutrophil apoptosis, which in turn leads to the inhibition of
the NF-!B pathway and the downstream production of proin-
flammatory mediators. Caspases cleave NF-!B proteins during
apoptosis, preventing the transcription of many proinflamma-
tory and prosurvival genes (4, 28, 37). In chicken spleen cells,
active caspase-3 cleaves I!B), producing a dominant inhibitory
form of the protein and ultimately suppressing NF-!B activity
(4). Additionally, reports have demonstrated that some mac-
rolides, including erythromycin, inhibit NF-!B signaling and

FIG. 7. Tulathromycin reduces phosphorylation of I!B) and prevents nuclear translocation of NF-!B p65. Representative immunoblotting
(A) and densitometry analysis (B) of phosphorylated I!B) in LPS (1 %g/ml)-stimulated bovine neutrophils pretreated with MG132 proteosome
inhibitor (20 %M), and cytosolic and nuclear p65 in LPS-stimulated bovine neutrophils treated with HBSS (vehicle) or tulathromycin (TUL; 2
mg/ml) for 0.5 h (C). BAY 11-7085 (BAY; 50 %M) inhibitor served as a positive control. Unstimulated neutrophils treated with HBSS served as
a negative control. Densitometry data are expressed as percent actin. Values are means $ standard errors of the means. n + 3 to 4/group. *, P
( 0.05 versus LPS-stimulated control.

VOL. 55, 2011 TUL-INDUCED NEUTROPHIL APOPTOSIS AND NF-!B INHIBITION 345



expression of proinflammatory mediators, such as CXCL8, via
mechanisms that have yet to be fully elucidated (2, 27, 36, 56).
Our results demonstrate that the caspase-3-dependent pro-
apoptotic effects of tulathromycin are associated with the in-
hibition of I!B) phosphorylation, reduction of the nuclear
translocation of the NF-!B p65 subunit, and decrease in
mRNA levels of CXCL8.

LTB4 is a potent neutrophil chemoattractant, and during
severe inflammation, this arachidonic acid metabolite may be
released in a self-perpetuating manner by activated neutro-
phils; LTB4 also stimulates the release of neutrophil elastase
and the generation of superoxide radicals (6). M. haemolytica
leukotoxins stimulate the secretion of LTB4 during infection
(9, 19). This study demonstrates that tulathromycin treatment
is associated with a reduction of LTB4 in the infected lung,
subsequent to the induction of apoptosis in bronchoalveolar
leukocytes. Similar observations have been reported for tilmi-
cosin, which also promotes neutrophil apoptosis (26). Further
research is warranted to assess whether and how macrolides
such as tulathromycin may directly inhibit LTB4 synthesis, in-
dependently of its antibacterial effects in vivo. To shed new
light on such processes may help uncover new mechanisms
whereby drug-induced neutrophil apoptosis may directly de-
liver anti-inflammatory benefits.

Some antibiotics can modulate neutrophil recruitment (8,
23, 31). In contrast, data from our in vivo calf studies reveal
that tulathromycin does not significantly alter bronchoalveolar
neutrophil numbers in the first 24 h of infection. The findings
indicate that the cell’s trafficking properties may remain un-
changed, at least early during infection, despite the drug’s
proapoptotic effects, in keeping with other studies investigating
similar properties of macrolides (12, 25, 46).

Apoptosis is a key mechanism for the removal of neutrophils
from sites of injury and significantly contributes to the resolu-
tion of inflammation (17, 45). Neutrophils lose some of their
secretory properties and undergo distinct morphological
changes during apoptosis, including cell shrinkage, compaction
of chromatin, and DNA fragmentation (29, 41, 43). An early

biochemical change during apoptosis is the loss of membrane
phospholipid asymmetry, as phosphatidylserine translocates to
the outer leaflet of the plasma membrane (20, 34). The exter-
nalization of this molecule facilitates the selective recognition
of apoptotic neutrophils by macrophages (40, 42). Our results
demonstrate that tulathromycin promotes phosphatidylserine
translocation in bovine neutrophils. However, the exact mech-
anisms whereby antibiotics like tulathromycin and tilmicosin
(1, 10) may activate programmed cell death in neutrophils have
remained elusive. Apoptosis can be initiated by one of two
main caspase signaling cascades, namely, the extrinsic death
receptor Fas pathway and the intrinsic mitochondrial pathway
(1, 10). In an attempt to identify new mechanisms of drug-
induced neutrophil apoptosis, the present study reveals that
the proapoptotic effect of tulathromycin is caspase-3 depen-
dent. However, whether tulathromycin’s proapoptotic effects
result from extrinsic activation and/or via the mitochondrial
pathway requires further investigation. Tilmicosin-induced apop-
tosis does not result from a change in surface Fas expression
(26). The effects of tulathromycin on Fas are unknown. Future
research will determine whether the apparent cell selectivity of
tulathromycin-induced apoptosis may be linked to its prefer-
ential uptake within neutrophils (14) and hence may possibly
be initiated via the intrinsic apoptotic pathway.

In summary, using a clinically relevant model of tulathromy-
cin treatment of calves infected with M. haemolytica and com-
plementary experimental systems with bovine neutrophils in
vitro, findings from the present study describe immuno-modu-
latory effects for a macrolide antibiotic. Together, the findings
illustrate that tulathromycin, in addition to its antimicrobial
properties, promotes neutrophil apoptosis in a caspase-3-de-
pendent fashion and reduces the accumulation of proinflam-
matory LTB4 in the infected lung. The effects are time and
concentration dependent and, at least in part, cell and drug
selective. Moreover, tulathromycin directly decreases the phos-
phorylation of I!B), reduces nuclear translocation of the
NF-!B p65 subunit, and inhibits CXCL8 mRNA transcription.
We propose that these anti-inflammatory effects help explain,
at least in part, the superior clinical efficacy of this triamilide
macrolide in the treatment of bovine respiratory disease. The
data are of great significance for the treatment of bacterial
pneumonia in general but also shed light on pivotal mecha-
nisms through which neutrophil programmed cell death helps
resolve inflammation. Perhaps most importantly, the findings
describe a new pathway through which drug-induced neutro-
phil apoptosis confers anti-inflammatory benefits.
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