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Recent evidence indicates that immunomodulation by antibiotics may enhance their clinical efficacy. Specifically, drug-induced
leukocyte apoptosis and macrophage efferocytosis have been shown to promote the resolution of inflammation in a variety of
disease settings. Tulathromycin is a new macrolide antibiotic for the treatment of bovine respiratory disease. The direct antimi-
crobial effects of the drug alone do not fully justify its superior clinical efficacy, and we hypothesize that tulathromycin may have
immunomodulating properties. We recently reported that tulathromycin promotes apoptosis and inhibits proinflammatory
NF-�B signaling in bovine neutrophils. In this study, we investigated the direct and indirect anti-inflammatory effects of tulath-
romycin in bovine macrophages. The findings indicate that bovine monocyte-derived macrophages and alveolar macrophages
readily phagocytose tulathromycin-induced apoptotic neutrophils both in vitro and in the airways of Mannheimia haemolytica-
infected calves. Moreover, tulathromycin promotes delayed, concentration-dependent apoptosis, but not necrosis, in bovine
macrophages in vitro. Activation of caspase-3 and detection of mono- and oligonucleosomes in bovine monocyte-derived mac-
rophages treated with tulathromycin was observed 12 h posttreatment; pretreatment with a pan-caspase inhibitor (ZVAD)
blocked the proapoptotic effects of the drug. Lastly, tulathromycin inhibited the secretion of proinflammatory CXCL-8 in lipo-
polysaccharide (LPS)-stimulated bovine macrophages; this effect was independent of caspase activation or programmed cell
death. Taken together, these immunomodulating effects observed in bovine macrophages help further elucidate the mechanisms
through which tulathromycin confers anti-inflammatory and proresolution benefits. Furthermore, these findings offer novel
insights on how antibiotics may offer anti-inflammatory benefits by modulating macrophage-mediated events that play a key
role in inflammation.

Macrophages play a central role in immune surveillance, in-
flammatory responses, and tissue remodeling as well as pro-

vide a bridge between innate and adaptive immunity (1). They are
distributed throughout various tissues in the body, performing a
variety of functions that are dependent on their state of differen-
tiation and the specific microenvironmental factors they are ex-
posed to (2). Lung macrophages, derived from circulating mono-
cytes, are compartmentalized in the airways, interstitium, and
intravascular spaces. In healthy lungs, resident alveolar macro-
phages are the primary phagocytes of the innate immune system
(2). Upon recognition and phagocytosis of foreign pathogens, res-
ident macrophages produce a variety of proinflammatory media-
tory mediators, including CXCL-8 and leukotriene B4 (LTB4),
that recruit other cells, primarily neutrophils, to the site of injury
(1). Recent evidence also suggests that autophagy is an important
innate immune mechanism in macrophages to protect the host
from intracellular bacterial or viral pathogens (3). Aside from
contributing to the initial inflammatory response, resident mac-
rophages and recruited monocyte-derived macrophages resolve
inflammation by ingesting apoptotic cells and clearing them from
the tissues, a process known as efferocytosis (4).

Efferocytosis plays a fundamental role in a variety of biological
processes (5–7) but most notably in the resolution of inflamma-
tion (4). Clearance of apoptotic neutrophils by macrophages
prevents the release of cytotoxic granules and inflammatory me-
diators into the local environment (8). Furthermore, monocyte-
derived macrophages recruited to the site of injury have always
been thought to exit the tissues via the draining lymph nodes (9,

10); however, increasing evidence suggests that recruited macro-
phages undergo apoptosis and are removed by resident phago-
cytes, thus further helping resolve inflammation (11, 12).
Moreover, macrophages that ingest apoptotic cells develop an an-
ti-inflammatory phenotype, whereby they secrete anti-inflamma-
tory mediators such as interleukin-10 (IL-10) and transforming
growth factor � (TGF-�) and stop producing proinflammatory
products (13, 14). Under chronic inflammatory conditions, the
exaggerated recruitment of inflammatory cells into the tissues can
overwhelm the normal phagocytic functions of macrophages.
Apoptotic cells die by secondary necrosis if not ingested, which
releases harmful intracellular contents, further amplifying the in-
flammatory response and causing tissue damage. In the lung, this
self-perpetuating inflammatory response ultimately leads to pul-
monary failure and death of the host.

Bacterial pneumonia is a classic example whereby exaggerated
innate inflammatory responses play a central role in disease
pathogenesis. Similarly to human streptococcal pneumonia, bo-
vine respiratory disease, caused by opportunistic pathogens such
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as Mannheimia haemolytica (15–18), is characterized by the exac-
erbated infiltration and activation of neutrophils into the lower
airways, by excessive accumulation of proinflammatory media-
tors, such as CXCL-8 and LTB4, and by uncontrolled cell necrosis
(19, 20). Leukotoxins (LKT) produced by M. haemolytica lyse
macrophages and neutrophils, which impairs their antibacterial
defenses and further amplifies the inflammatory response (21).
Hence, the combination of host products and bacterial virulence
factors leads to the development of uncontrolled self-perpetuating
inflammation. Therefore, therapeutic interventions for this mul-
tifactorial disease should target both the invading pathogen and
the host inflammatory response.

Macrolides have been shown to reduce the recruitment of neu-
trophils (22–24) and their release of histotoxic compounds (22)
and to inhibit the accumulation of proinflammatory cytokines
(24–26). A growing body of evidence has also demonstrated that
some macrolides such as tilmicosin, tulathromycin, and erythro-
mycin deliver anti-inflammatory benefits by promoting apoptosis
in neutrophils (27–30). However, the effects of macrolides on
macrophage survival and cell death in the context of inflammation
remain incompletely understood.

Tulathromycin, a new triamilide macrolide used in the treat-
ment of bovine respiratory disease, displays superior clinical effi-
cacy for reasons not fully explained by its antimicrobial actions.
We recently reported that tulathromycin induces caspase-3-de-
pendent apoptosis in bovine neutrophils and inhibits NF-�B sig-
naling and LTB4 synthesis (30). The present study investigated the
immunomodulating effects of tulathromycin in bovine macro-
phages, in hopes to further elucidate the anti-inflammatory mech-
anisms of this drug in a clinically relevant model system. The
findings indicate for the first time that tulathromycin has direct
anti-inflammatory actions in macrophages via the inhibition of
proinflammatory CXCL-8 signaling, the induction of delayed
macrophage apoptosis, and enhanced efferocytosis.

MATERIALS AND METHODS
Bacteria. M. haemolytica biotype A serotype 1 (strain B122) was used for
the in vivo studies as previously described (29, 30). Briefly, M. haemolytica
was streaked out onto Columbia blood agar plates from a stock solution
and grown at 37°C overnight. McFarland nephelometry and enumeration
of CFU on Columbia blood agar plates were used to prepare the bacterial
inoculants at a concentration of 2 � 107 CFU/ml in endotoxin-free Hanks
balanced salt solution (HBSS).

Animals. For in vitro experiments, peripheral blood was drawn from
the jugular vein of healthy donor cattle (1 to 4 years of age) into Vacutain-
ers containing 1.5 ml anticoagulant acid citrate dextrose (ACD solution A;
Becton, Dickinson). Animals were housed outdoors at the University of
Calgary’s Veterinary Sciences Research Station (Calgary, AB).

In vivo studies were performed as previously reported (29, 30). Calves
were housed indoors at the Veterinary Sciences Research Station, fed an-
tibiotic-free milk replaced 2 times a day, and given access to water ad
libitum. Following 7 days of acclimation, healthy male Holstein calves (2
to 3 weeks old, 47 to 53 kg) were challenged intratracheally with 10 ml of
2 � 108 cells of live Mannheimia haemolytica biotype A serotype 1 (strain
B122) or the endotoxin-free HBSS vehicle (with NaHCO3, without phe-
nol red, calcium chloride, or magnesium sulfate) in conjunction with a
subcutaneous injection of 2.5 mg/kg of body weight tulathromycin
(Draxxin Injectable Solution; Pfizer Animal Health, Kalamazoo, MI)
or 25% propylene glycol vehicle. Rectal temperatures, respiratory
rates, and heart rates were measured daily and were not significantly
different among any of the calves prior to the onset of experimenta-

tion. Photoperiods were 12:12 h, and the temperature was 20 � 3°C,
with 40% humidity.

Care and experimental practices for both in vitro and in vivo studies
were conducted under the standards of the Canadian Council on Animal
Care and approved by the University of Calgary Life and Environmental
Science Animal Care Committee.

Bacterial challenge and BAL fluid collection. The protocols for chal-
lenging calves intratracheally with M. haemolytica were conducted as pre-
viously described (29, 30). Local anesthetic was applied using lidocaine
(lidocaine HCl 2% and epinephrine injection; Biomeda MTC, Animal
Health Inc.) at the site of tracheal insertion of a sterile trochar into each
calf. A sterile catheter was inserted through the trochar, and 10 ml of M.
haemolytica or HBSS was injected into the lungs at the site of the tracheal
bifurfaction. Bronchoalveolar lavage (BAL) fluid was collected at 3 h and
24 h postinfection using three 20-ml washes of endotoxin-free HBSS.
Samples of BAL fluid (100 �l) were centrifuged onto a microslide using a
Shandon Cytospin 4 Cytocentrifuge (Thermo Electron Corporation,
Pittsburgh, PA). Slides were fixed with a Diff-Quik stain (Baxter Health-
care Corp., Miami, FL) for cell analysis.

Monocyte isolation and macrophage differentiation. Fresh periph-
eral bovine blood was pooled into 50-ml polypropylene tubes and sub-
jected to centrifugation at 1,200 � g for 20 min in a Beckman J-6B cen-
trifuge (Beckman) at 4°C without braking. The buffy coat layer was
isolated, diluted 1:1 with filter-sterilized 0.9% NaCl, layered onto a poly-
sucrose and sodium diatrixoate gradient (Histopaque-1077; Sigma), and
centrifuged at 1,500 � g for 40 min. Contaminating erythrocytes were
removed from the cell suspension by hypotonic lysis (10 ml of cold sterile
double-distilled water for 30 s; 20 ml of cold filter-sterilized 2� HBSS for
restoration of isotonicity) and resuspended in Iscove’s modified Dulbec-
co’s medium (IMDM; Sigma) containing 10% heat-inactivated fetal bo-
vine serum (HI-FBS). Mononuclear cells (2 � 105 cells/well) were plated
onto tissue culture flasks or 48-well plates (Costar, Cambridge, MA) and
incubated at 37°C and 5% CO2 in IMDM containing 10% HI-FBS, 100
U/ml penicillin, 100 U/ml streptomycin, and 80 �g/ml tylosin (all from
Sigma) for 7 days to allow for macrophage differentiation. For experi-
ments, IMDM containing only 10% HI-FBS was used on the cells.

Neutrophil purification. Whole blood was collected, pooled, and cen-
trifuged in the same manner as described in the previous section. Follow-
ing the removal of the plasma and buffy coat, the remaining layer of cells
were washed with endotoxin-free HBSS and spun at 1,200 � g for 10 min
at 4°C. Contaminating erythrocytes were removed with 20 ml of an ice-
cold hypotonic lysis solution (10.6 mM Na2HPO4, 2.7 mM NaH2PO4).
Isotonicity was restored with the addition of a hypertonic solution (10 ml;
10.6 mM Na2HPO4, 2.7 mM NaH2PO4, 462 mM NaCl). Cells were resus-
pended in prewarmed (37°C) endotoxin-free HBSS containing 10% HI-
FBS. Cell viability was assessed by 0.1% trypan blue exclusion, and differ-
ential cell counts were performed on cytospin preparations stained with
Diff-Quik. Neutrophil populations were �90% pure and �90% viable for
all experiments.

In vitro assessments of macrophage efferocytosis. Bovine neutro-
phils treated with tulathromycin (2 mg/ml) or HBSS (control) for 0.5 h at
37°C were centrifuged (500 � g for 5 min), washed with HBSS, and resus-
pended in HBSS containing 10% HI-FBS. The pretreated neutrophils
were subsequently added to macrophages (isolated from the same animal)
at an approximate ratio of either 10:1 or 50:1. Cells were coincubated at
37°C, 5% CO2 for 0.5 h, 1.0 h, or 2.0 h. Following incubation, slides were
washed with HBSS, Diff-Quik stained, and observed under light micros-
copy. The percentage of macrophages containing one or more phagocy-
tosed neutrophil was determined. A minimum of 100 cells were counted
in each replicate for all treatment groups.

For myeloperoxidase (MPO) detection of phagocytosed neutrophils,
adherent cells (macrophages) were analyzed for MPO activity using a
commercially available myeloperoxidase detection kit (Cell Technology,
Mountain View, CA), according to the manufacturer’s instructions.
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TEM. Detection of apoptotic neutrophils and macrophage efferocyto-
sis was confirmed using transmission electron microscopy (TEM), as pre-
viously described (28, 29). Flasks of bovine macrophages incubated with
tulathromycin (2 mg/ml)-, staurosporine (1 �M)-, or HBSS-treated neu-
trophils for 2.0 h were washed and fixed with 5% glutaraldehyde (Electron
Microscopy Services, Fort Washington, PA) in 0.1 M sodium cacodylate
(Caco) buffer overnight at 4°C. Cells were subsequently transferred into
BEEM capsules (JBS Supplies, JB EM Services Inc., Dorval, Quebec, Can-
ada) and postfixed in 1% osmium tetroxide (Polysciences Inc., War-
rington, PA) for 2 h at room temperature. Following fixation, cells were
washed in 0.1 M Caco buffer, dehydrated using a series of acetone-H2O
washes (30%, 50%, 70%, 90%, and 100%, vol/vol), and embedded in
Spurr low-viscosity medium (Polysciences). Thin sections (90 nm) were
stained with saturated uranyl acetate in 50% aqueous ethanol and 0.04%
(wt/vol) lead citrate. Photomicrographs of apoptotic neutrophils and
macrophages containing phagocytosed (apoptotic) neutrophils were ob-
tained with a Hitachi H-7650 transmission electron microscope at an
acceleration voltage of 80 kV.

Detection of apoptotic mono- and oligonucleosomes. Monocyte-de-
rived macrophages (1 � 106 cells) were incubated in medium alone or
with tulathromycin (0.1 and 1.0 mg/ml) at 37°C and 5% CO2 for various
time points (2 to 48 h). Cells with staurosporine (1 �M) served as a
positive control. Following incubation, adherent cells were washed with
HBSS, and macrophage apoptosis was subsequently assessed using a cell
death detection enzyme-linked immunosorbent assay (ELISA) kit (Roche
Molecular Biochemicals, Laval, Quebec, Canada) according to the man-
ufacturer’s instructions. Absorbance readings were taken at 405 nm using
a THERMOmax microplate reader (Molecular Devices Corp., Menlo
Park, CA).

Assessment of cytotoxicity/necrosis. Release of lactate dehydroge-
nase (LDH) into the medium is indicative of cell membrane damage and
necrosis. LDH release from neutrophils or monocyte-derived macro-
phages treated with medium alone (control), tulathromycin (0.1 mg/ml
to 2.0 mg/ml), or staurosporine (1 �M) was determined using a cytotox-
icity detection kit (Roche) according to the manufacturer’s instructions.
Supernatant levels of LDH were measured in parallel with cell apoptosis
and represented as the absorbance ratio versus untreated control. Total
LDH was determined by exposing cells to 2% Triton-X in media. Color-
imetric changes were measured using a SpectraMax M2e microplate
reader (Molecular Devices) at 492 nm.

Caspase-3 activity assay. Proapoptotic caspase-3 activity in mono-
cyte-derived macrophages treated with medium alone (control) or tulath-
romycin (0.1, 1.0 mg/ml) was measured using a caspase-3 fluorescent
activity assay (Calbiochem, La Jolla, CA), as per the manufacturer’s in-
structions.

Detection of secreted CXCL-8. Mature, 7-day-old bovine macro-
phages were stimulated with LPS (1 �g/ml) and treated with medium
alone (control) or tulathromycin (0.1 mg/ml or 1 mg/ml) for various time
points (2 h to 18 h). As previously published (31), secreted levels of bovine
CXCL-8 were determined colorimetrically at 405 nm on a SpectraMax
M2e microplate reader (Molecular Devices), using a Quantikine Human
CXCL-8/IL-8 immunoassay (R&D Systems, Minneapolis, MN) as per the
manufacturer’s instructions. The specificity of the assay is 100% for
CXCL-8 with a detection limit of 7 pg/ml.

Statistical analysis. Numeric values were expressed as means � stan-
dard errors of the means (SEM). Statistical analyses of the data were per-
formed using the Prism 5 software. Comparisons where made using Stu-
dent’s t test or one-way analysis of variance (ANOVA) where appropriate.
Multicomparison post hoc analysis was performed with the Tukey’s test.
For analysis of in vivo data, the nonparametric Kruskal-Wallis statistical
test was performed. Statistical significance was established at P values of
�0.05 using multiple replicates of a minimum of 3 separate independent
experiments.

RESULTS
Tulathromycin-treatment in calves challenged intratracheally
with live M. haemolytica is associated with increased macro-
phage efferocytosis. As clearance of apoptotic neutrophils by
phagocytes is key to the resolution of acute inflammation (32),
and in view of the apparent proapoptotic effects of tulathromycin
in M. haemolytica-challenged calves (30), we investigated whether
this phenomenon was associated with an increase in macrophage
efferocytosis. Using light microscopy and Diff-Quik staining, we
identified alveolar macrophages present in the BAL fluid and
noted that the number of macrophages containing one or more
phagocytosed neutrophils was significantly elevated in the BAL
fluid isolated from tulathromycin-treated calves (60.6% � 2.6%)
compared to the sham-treated infected calves (39.9% � 1.4%)
and uninfected control calves (22.4% � 5.1%) 3 h postinfection
(Fig. 1).

Monocyte-derived macrophages phagocytose tulathromy-
cin-induced apoptotic neutrophils with more avidity than un-
treated neutrophils. To further investigate the mechanisms of
tulathromycin-induced macrophage efferocytosis, bovine neu-

FIG 1 Alveolar macrophages readily phagocytose apoptotic neutrophils in
tulathromycin-treated calves challenged with live M. haemolytica. Counts (A)
and representative light microscopy image (B) of cytospin preparations of BAL
fluid samples isolated from uninfected control calves (ctrl), sham-treated M.
haemolytica-challenged calves (M. haem), and tulathromycin-treated M. hae-
molytica-challenged calves (M. haem � TUL) 3 h postinfection, stained with
Diff-Quik and analyzed using light microscopy. Macrophages containing one
of more apoptotic neutrophils were enumerated. Values were expressed as a
percentage of total macrophages on each slide preparation. Values are means �
SEM. n 	 3 to 7/group. *, P � 0.001 versus the control group. A minimum of 100
macrophages were counted in each sample for all treatment groups.
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trophils pretreated with HBSS (control) or tulathromycin (2 mg/
ml) for 0.5 h at 37°C were added to bovine macrophages isolated
from the same animal. Using Diff-Quik staining (Fig. 2A) and
myeloperoxidase detection (Fig. 2B), we observed a significant
increase in the number of macrophages containing one or more
tulathromycin-treated neutrophils than control-treated bovine
neutrophils at 0.5 h, 1.0 h, and 2.0 h. Following a 2.0-h coincuba-
tion, cells were prepared for transmission electron microscopy
(TEM) of the complete phagocytic ingestion of apoptotic bodies.
Analysis of TEM micrographs confirmed that tulathromycin-
treated neutrophils, showing characteristic signs of apoptosis (Fig.
3A and B), either were found within phagocytic vacuoles of bovine
macrophages or had their plasma membranes in close apposition
to that of an adjacent macrophage (Fig. 3C). Neutrophils pre-
treated with staurosporine (1 �M), serving as a positive pro-
apoptotic control for all efferocytosis experiments, revealed simi-
lar processes (data not shown).

Tulathromycin induces apoptosis, but not necrosis, in bo-
vine monocyte-derived macrophages in both a time- and a con-
centration-dependent manner. In view of the proapoptotic ef-
fects of tulathromycin in bovine neutrophils, we investigated
whether tulathromycin-induced cell death would also occur in
bovine monocyte-derived macrophages. Detection of mono- and

oligonucleosomes in bovine macrophages revealed that treatment
with 1 mg/ml tulathromycin induced apoptosis in these cells fol-
lowing 12 h and 20 h of incubation, but not after 2 h or 6 h of
treatment (Fig. 4A). Induction of apoptosis by a lower tulathro-
mycin concentration of 0.1 mg/ml was also detected after 48 h of
treatment, consistent with a dose-dependent effect (Fig. 4C). Ne-
crosis, as measured by secreted levels of lactate dehydrogenase,
was only significantly higher in bovine macrophages treated with
1.0 mg/ml of tulathromycin or staurosporine for 20 h or 48 h, and
at no time point sooner (Fig. 4B and D).

The proapoptotic effect of tulathromycin in monocyte-de-
rived macrophages is caspase dependent. Activated caspases are
well known to induce apoptosis in a variety of cell types, including
neutrophils and macrophages (33). In view of the caspase-3-de-
pendent proapoptotic effects of tulathromycin in bovine neutro-
phils (30), we investigated whether caspase-3 was involved in tu-
lathromycin-induced apoptosis in bovine macrophages. Bovine
macrophages treated with tulathromycin (1 mg/ml, but not 0.1
mg/ml) exhibited increased caspase-3 activity following 12 h of
treatment (Fig. 5B), but not after 6 h or 20 h of treatment (Fig. 5A
and C, respectively). To determine whether the proapoptotic ef-
fects of tulathromycin in bovine macrophages were also caspase
dependent, cells were incubated with a pan-caspase inhibitor
(ZVAD; 50 �M) or a dimethyl sulfoxide (DMSO) vehicle control
for 1.0 h prior to treatment. Inhibition of caspases by ZVAD
blocked the proapoptotic effects of tulathromycin observed in un-
stimulated and LPS (1 �g/ml)-stimulated macrophages (Fig. 6).

Tulathromycin directly inhibits secretion of CXCL-8 in LPS-
stimulated bovine monocyte-derived macrophages in a caspase-
independent manner. Tulathromycin has been shown to have
direct anti-inflammatory effects in neutrophils (30). Another set
of experiments assessed the effects of tulathromycin-induced
macrophage apoptosis on the synthesis of proinflammatory
CXCL-8. Following 12 h and 20 h of incubation, there was a sig-
nificant reduction in the secreted levels of CXCL-8 in LPS (1 �g/
ml)-stimulated bovine macrophages treated with 1.0 mg/ml of
tulathromycin (Fig. 7).

Given that tulathromycin (1 mg/ml) induced apoptosis in bo-
vine macrophages after 12 h, we investigated whether an increase
in apoptotic cell death was responsible for the inhibition of
CXCL-8 production by tulathromycin. In the presence of a pan-
caspase inhibitor (ZVAD; 50 �M), treatment with tulathromycin
(1 mg/ml) significantly reduced CXCL-8 production in LPS-stim-
ulated bovine macrophages (Fig. 8).

DISCUSSION

Some macrolide antibiotics are capable of delivering dual antimi-
crobial and anti-inflammatory benefits (19, 34). Mannheimia hae-
molytica serotype S1, one of the primary causative agents of bovine
respiratory disease, produces leukotoxins (LKT) that stimulate
the release of inflammatory cytokines and lipid mediators, such as
CXCL-8, TNF-
, and LTB4, from alveolar macrophages and neu-
trophils and cause cell necrosis (15–17, 20, 21, 36, 37). We recently
reported that a new triamilide, tulathromycin, both promotes
caspase-3-dependent apoptosis in bovine neutrophils in vitro and
inhibits proinflammatory NF-�B signaling and LTB4 production
in circulating neutrophils, using a clinically relevant infection
model of bovine respiratory disease (30). In the present study, we
focused our attention on the effects of tulathromycin in bovine
monocyte-derived macrophages. Associated with the significant

FIG 2 Tulathromycin-induced apoptotic bovine neutrophils are readily
phagocytosed by bovine macrophages in vitro. Circulating bovine neutrophils
pretreated with HBSS (control) or tulathromycin (TUL; 2 mg/ml) for 0.5 h at
37°C were incubated with bovine macrophages for 0.5 h, 1.0 h, and 2.0 h. (A)
Light microscopy counts of Diff-Quik-stained macrophages containing one or
more phagocytosed apoptotic neutrophils. A minimum of 300 macrophages
were counted per treatment group in triplicate. (B) Detection of myeloperoxidase
(MPO; used as a neutrophil marker) in macrophages. Values are means � SEM.
n 	 3/group. *, P � 0.001.
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increase in apoptotic leukocytes (neutrophils) in the BAL fluid in
tulathromycin-treated calves challenged with M. haemolytica, we
observed a significantly greater number of macrophages con-
taining apoptotic neutrophils in these animals 3 h postinfection.
Further examination of this effect in vitro revealed that monocyte-
derived macrophages phagocytose tulathromycin-induced apop-
totic neutrophils with more avidity than untreated neutrophils.
The findings also revealed that tulathromycin (1 mg/ml) induces
apoptosis, but not necrosis, in resting and LPS-stimulated bovine
macrophages following 12 h or 20 h of treatment. This effect was
time and concentration dependent (0.1 mg/ml tulathromycin-
induced apoptosis was detected at 48 h but not earlier) and occurs
via the activation of caspase-3. In order to maintain optimal cell
viability conditions to perform mechanistic studies, experiments
were performed using the higher and quicker inducer concentra-
tion of 1.0 mg/ml. Finally, we found that tulathromycin directly
inhibits the secretion of proinflammatory CXCL-8 in LPS-stimu-
lated bovine macrophages after 12 h, an effect independent of
caspase activation and apoptosis. The findings from this study
collectively demonstrate that, in addition to its selective immuno-
modulatory effects in neutrophils, tulathromycin has anti-inflam-
matory and proresolving effects in macrophages.

Apoptosis of inflammatory cells and their subsequent clear-
ance by phagocytes are two key processes involved in the resolu-
tion phase of inflammation (32). Apoptotic cells send out soluble
“find me” signals and present cell surface “eat me” markers that
facilitate recognition and engulfment by phagocytes (38). Recep-
tors associated with the phagocytosis of apoptotic cells have in-
cluded a receptor for phosphatidylserine (PS), the integrins 
v�3
and 
v�5, certain lectins, CD36, CD14, and CD68 (38, 39). These
recognition and engulfment processes not only help remove po-
tentially histotoxic inflammatory cells from the tissues but also
activate an anti-inflammatory phenotype in macrophages that
causes them to release proresolution TGF-� and IL-10 (13, 14).
We previously reported that tulathromycin increases surface ex-
pression of PS in bovine neutrophils (30); in this study, we dem-
onstrate that bovine macrophages readily phagocytose tulathro-
mycin-induced apoptotic neutrophils. Similarly, azithromycin
promotes the phagocytic clearance of apoptotic neutrophils and
bronchial epithelial cells by macrophages, an effect that is partially
dependent on PS receptor binding (40). Moreover, azithromycin
was shown to modify activation of macrophages toward the M2
anti-inflammatory phenotype (41, 42), possibly via inhibition of
Toll-like receptor 4 (TLR4)-mediated NF-�B signaling (43).

FIG 3 Bovine macrophages readily phagocytose tulathromycin-induced apoptotic bovine neutrophils in vitro. Representative transmission electron micro-
graphs of tulathromycin-treated bovine neutrophils (N), displaying ultrastructural features characteristic of apoptosis, including intact plasma membrane with
blebbing, nuclear membrane delamination (arrowheads), chromatin condensation, intact cytoplasmic organelles and granules, and vacuolization of the cyto-
plasm (arrows), in close apposition to (arrowheads) (C) and/or within phagocytic vacuoles (large arrow) of a bovine macrophage (M) (A and C). Bovine
neutrophils pretreated with HBSS (control) or tulathromycin (TUL; 2 mg/ml) for 0.5 h at 37°C were incubated with bovine macrophages for 2.0 h at 37°C. TEM
images were taken at a magnification of �4,000 at an acceleration voltage of 80.0 kV. Bar, 1 �m.
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Erythromycin and clarithromycin also promote PS receptor-de-
pendent phagocytosis of apoptotic neutrophils by alveolar mac-
rophages in vitro (44). Interestingly, this effect was observed only
following 72 h of treatment but not at any of the earlier time points
(44). In contrast, our studies indicate that tulathromycin-treated
bovine neutrophils are rapidly phagocytosed by macrophages.

It was believed that monocyte macrophages recruited to a site
of inflammation leave the inflamed tissue by lymphatic drainage
following the resolution of inflammation and migrate to the lym-
phoid organs for antigen presentation, with only a small popula-

tion of these cells undergoing apoptosis in the tissues (9, 10, 45).
Recently, however, Kolaczkowska et al. (12) characterized the ki-
netics of apoptotic death in inflammatory cells recruited to the
tissues. The findings revealed that following an early increase in
neutrophil apoptosis, heightened apoptosis of monocyte-derived
macrophages coincides with the final resolution phase of the in-
flammatory response (12). Since tulathromycin accumulates in-

FIG 4 Tulathromycin induces apoptosis, but not necrosis, in bovine macro-
phages in vitro in a time- and concentration-dependent manner. Apoptotic
mono-and oligonucleosomes (A) and secreted lactate dehydrogenase (LDH)
(B) were measured in bovine macrophages incubated with IMDM alone (con-
trol [ctrl]) or treated with tulathromycin (0.1 mg/ml or 1.0 mg/ml) for 2 h, 6 h,
12 h, or 20 h at 37°C. A separate set of experiments then measured mono-/
oligonucleosomes (C) and LDH release (D) in bovine macrophages incubated
under similar conditions, but for a longer period of 48 h. Values were calcu-
lated as absorbance ratios versus values measured in control macrophages
arbitrarily set to 1.0. Staurosporine (stauro; 1 �M) served as a positive apop-
totic control. Cells exposed to 2% Triton-X (TX-100) served as a total LDH
control. Values are means � SEM. n 	 6/group. *, P � 0.05; **, P � 0.01; ***,
P � 0.001 versus control at each time point.

FIG 5 Tulathromycin activates caspase-3 in bovine macrophages in vitro in a
time- and concentration-dependent manner. Activity of caspase-3 in macro-
phages treated with IMDM alone (control [ctrl]) or tulathromycin (0.1 mg/ml
or 1.0 mg/ml) for 6 h (A), 12 h (B), and 20 h (C) at 37°C. Values were not
significantly different at 20 h. Staurosporine (stauro; 1 �M) served as a positive
apoptotic control. Values were calculated as fluorescence ratios versus values
measured in control macrophages arbitrarily set to 1.0. Values are means �
SEM. n 	 6/group. *, P � 0.001; ***, P � 0.0001 versus control.
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tracellularly in bovine macrophages, we hypothesized that the
drug could potentially induce apoptosis in these cells at a later
time point. Indeed, treatment with tulathromycin for 12 h, but not
earlier time points, resulted in a significant increase in the levels of
apoptotic bovine macrophages. The effects were also found to be
caspase-3 dependent. The ketolide telithromycin was recently
shown to promote delayed apoptosis in LPS-stimulated RAW
264.7 macrophages (46). The authors of this study postulated that
this effect was beneficial in promoting the resolution of inflam-
mation by enhancing apoptosis in macrophages in the later stages
of inflammatory responses. Indeed, Fas-induced apoptosis of re-
cruited macrophages was found to be essential for the resolution

of acute lung injury in vivo (11). Moreover, the phagocytosis of
apoptotic macrophages was important for downregulating the
production of inflammatory mediators (TNF-
) in a murine
model of pneumococcal infection (41). In addition, apoptosis of
alveolar macrophages appears to be important for intracellular
killing of phagocytosed microbes (47) and prevention of bacterial
proliferation during a pneumococcal infection (35, 41). Similarly,
the induction of apoptosis in alveolar macrophages during a My-
cobacterium tuberculosis infection is postulated to be an important
host defense mechanism for containing mycobacterial survival
and growth (48, 49). Taken together, these findings suggest that
promoting a delayed induction of apoptosis in macrophages may
limit lung injury and contribute to the resolution of inflamma-
tion. Future studies need to assess the involvement of the extrinsic
apoptotic pathway and/or the cell mitochondria in tulathromy-
cin-induced apoptosis in bovine macrophages.

CXCL-8, a potent neutrophil chemoattractant, is a major de-
terminant in the accumulation of neutrophils at the site of an
infection. Leukotoxins produced by M. haemolytica activate
NF-�B signaling and stimulate the production of CXCL-8 in bo-
vine alveolar macrophages, leading to the self-amplifying inflam-
matory response associated with full-blown bovine respiratory
disease (20, 21, 36). Our results indicate, for the first time, that
tulathromycin directly inhibits secretion of this proinflammatory
mediator in LPS-stimulated bovine macrophages. Interestingly,
although caspases have been shown to block NF-�B signaling dur-
ing apoptosis (50–52), we did not find the inhibitory effect of
tulathromycin on CXCL-8 production to be dependent on
caspase activity or cell death, suggesting that this indeed repre-
sents a hitherto unrecognized direct anti-inflammatory effect of
this antibiotic. Future studies will elucidate the mechanism
through which tulathromycin blocks CXCL-8 production. We
previously reported that tulathromycin blocks NF-�B signaling in
bovine neutrophils by preventing phosphorylation of I�B-
 and
subsequent translocation of p65 into the nucleus (30). The impact
of other macrolides on NF-�B signaling remains controversial,
and the effects seem to be dependent on cell type and drug con-

FIG 6 The proapoptotic effect of tulathromycin in bovine macrophages in
vitro is caspase dependent. Levels of mono- and oligonucleosomes in bovine
macrophages incubated with IMDM alone (control [ctrl]) or treated with
tulathromycin (TUL; 1 mg/ml) for 12 h at 37°C in the absence or presence of
LPS (1 �g/ml). Cells were pretreated with a 50 �M concentration of a pan-
caspase inhibitor (ZVAD) or a DMSO vehicle control for 1.0 h at 37°C prior to
treatment. There was no significant difference between any of the groups
treated with ZVAD. Values were calculated as absorbance ratios versus values
measured in control macrophages arbitrarily set to 1.0. Values are means �
SEM. n 	 6 to 8/group. *, P � 0.001 versus unstimulated control; #, P � 0.05
versus LPS-stimulated control.

FIG 7 Tulathromycin inhibits secretion of proinflammatory CXCL-8 in LPS-
stimulated bovine macrophages in vitro. Levels of secreted CXCL-8 in macro-
phages treated with IMDM alone (control [ctrl]) or tulathromycin (1.0 mg/
ml) for 6 h, 12 h, or 20 h at 37°C in the presence or absence of LPS (1 �g/ml).
There were no detectable levels of CXCL-8 in unstimulated macrophages
treated with tulathromycin (data not shown). Values are means � SEM. n 	 6
to 9/group. *, P � 0.05 versus control at each time point; #, P � 0.05 versus
LPS-stimulated control at each time point.

FIG 8 Tulathromycin inhibits CXCL-8 secretion in vitro in a caspase-inde-
pendent manner. Levels of secreted CXCL-8 in macrophages treated with
IMDM alone (control [ctrl]) or tulathromycin (TUL; 1.0 mg/ml) for 12 h at
37°C in the presence or absence of LPS (1 �g/ml). Cells were pretreated with a
50 �M concentration of a pan-caspase inhibitor (ZVAD) or a DMSO vehicle
control for 1.0 h at 37°C prior to treatment. Values are means � SEM. n 	 6 to
9/group. *, P � 0.05 versus unstimulated DMSO or ZVAD control; #, P � 0.05
versus LPS-stimulated DMSO or ZVAD control.
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centration. Clarithromycin was found to suppress NF-�B activa-
tion in human peripheral mononuclear cells (53); in contrast,
other anti-inflammatory macrolides, such as tilmicosin, appear to
have no effect on the transcription of CXCL-8 (54). Further stud-
ies will determine the mechanism through which tulathromycin
inhibits CXCL-8 production in macrophages as well as explore the
effects of this antibiotic on proinflammatory signaling in other cell
types and the production of other inflammatory cytokines gener-
ated by NF-�B.

Taken together, the data presented in the present study illus-
trate that tulathromycin has immunomodulating benefits that ex-
tend beyond its previously observed effects in bovine neutrophils
(30). Indeed, the results demonstrate that tulathromycin inhibits
secretion of proinflammatory CXCL-8 and induces delayed,
caspase-3-dependent apoptosis in bovine macrophages. Further-
more, tulathromycin-induced apoptotic neutrophils are readily
phagocytosed by bovine macrophages, which represents a vital
process for resolving inflammation. A therapeutic with the poten-
tial to limit an overt and uncontrolled immune cell accumulation
and retention at the site of infection can provide numerous ben-
efits against the development of chronic inflammatory diseases.
Herein, we provide further explanation of the ability of a new
triamilide macrolide to exert superior clinical efficacy against a
respiratory infectious disease. These mechanisms may shed light
on new targets for future therapeutic developments.
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