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Animals: Heaves-affected horses (n =5-6) and healthy controls (n =4-5) kept under low dust
environments (pasture or shavings and pellets).

Methods: Blood neutrophil and neutrophil-depleted cell populations were isolated using
MACS system. Cells were incubated with or without bacterial products (lipopolysaccharide

peywords (LPS), 100 ng/mL and fMLP, 5 ng/mL, 5 h). Cytokine (IL-1B, IL-8, TNF, IL-4, INFy and IL-10)
Innate immunity and receptor (TLR4) mRNA expression was assessed by qPCR. TNF concentration in culture
Neutrophils supernatants and serum samples was assessed using equine specific ELISA. Apoptotic rate
Pro-inflammatory cytokines of resting and stimulated neutrophils was assessed by flow cytometry using AnnexinV and
Systemic inflammation 7-AAD (18 h) and correlated with early pro-inflammatory cytokine expression in the same

cells (5h).
Results: Stimulation with bacterial-derived products resulted in overexpression of pro-
inflammatory cytokines in both neutrophils (IL-13 and TNF) and neutrophil-depleted
leukocytes (IL-1 and IL-8) from heaves-affected horses. Neutrophil survival (18 h) was
associated with their early TNF expression, but not IL-8. Neutrophil-depleted leukocytes
from these horses also had significantly increased basal TNF mRNA levels. Serum TNF con-
centration was also significantly higher in heaves-affected horses compared to healthy
horses kept in similar environment.
Conclusions: Altered innate immune response to bacterial products is observable ex vivo in
peripheral blood leukocytes from asymptomatic heaves-susceptible horses and is associ-
ated with high serum TNF concentration. It remains to be determined if this phenomenon
is caused by intrinsic differences in innate immune responses or to cellular priming caused
by systemic inflammation.
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1. Introduction

Heaves is a chronic airway disease of horses featuring
episodes of reversible bronchoconstriction upon expo-
sure to barn-derived organic dusts (Robinson, 2001). This
disease shares with human asthma several pathophysi-
ological features including reversible airway obstruction
and inflammation. The inflammatory event in heaves is
characterized by a neutrophilic recruitment in the airway
lumen (Robinson, 2001). The etiopathogenesis of the dis-
ease remains unknown although studies have shown the
presence of adaptative immune responses to moldy hay
components (molds, fungi) through the recruitment of acti-
vated lymphocytes (McGorum et al., 1993), the expression
of cytokines associated with the helper T lymphocytes sub-
sets (Th) (Ainsworth et al., 2003; Debrue et al., 2005; Lavoie
et al.,, 2001), as well as specific antibody production in
the airways (Halliwell et al., 1993; Schmallenbach et al.,
1998). Bacterial endotoxins and 3-glucans also present in
high concentration in exacerbating environments are pro-
pounded as contributing factors to heaves aetiology.

Whether innate immune responses are altered in
heaves-affected horses and contribute to the development
of aberrant acquired immune responses to barn-derived
antigens remains to be determined. Limited evidences
of altered innate immune responses are highlighted by
the finding that inhalation of lipopolysaccharides (LPSs)
induces a more pronounced airway neutrophilia and
obstruction in horses with heaves compared to healthy
controls (Pirie et al., 2001). LPS also enhances the air-
way obstruction and inflammation induced by aerosolized
moldy hay suspensions (Nevalainen et al., 2002; Pirie
et al., 2003a) or purified allergen extracts (Pirie et al.,
2003Db) in susceptible horses. Furthermore, lower doses
of LPS are required to induce significant release of
gelatinolytic metalloproteinase (MMP)-9 in the airways
of heaves-affected horses compared to normal horses
(Simonen-Jokinen et al., 2005). An ex vivo study also
showed that alveolar macrophages from these horses
exhibit enhanced pro-inflammatory cytokine expression
compared to macrophages isolated from healthy controls
following inhalational challenge with LPS (Laan et al.,
2006). Lastly, a genetic component of heaves in certain
breeds of horse (Marti et al.,, 1991) and polymorphisms
and/or mutations in the TLR4 and CD14 genes are reported
(Vychodilova-Krenkova et al., 2005; Werners et al., 2006).

Equine neutrophils are rapidly recruited to the air-
ways after allergen challenge and endotoxin inhalation
(within 5 h). These cells possess receptors for LPS (TLR4) as
well as other specific microbial-derived molecule receptors
including receptors for formylated peptides (FPR). These
agonists induce equine neutrophil activation through
degranulation, increased reactive oxygen species pro-
duction, and pro-inflammatory cytokine and chemokine
expression (Brazil et al., 1998; Joubert et al., 2001; Weiss
and Evanson, 2002). In pathological conditions, neutrophils
activation and survival is unnecessarily prolonged (Haslett,
1999), phagocytosis by tissue macrophages is inhibited
(Brazil etal., 2005), and excessive release of toxic mediators
contributes to tissue destruction. We hypothesized that
innate immune responses of horses affected with heaves

are altered and contribute to disease exacerbation. To verify
this hypothesis, we compared the ex vivo pro-inflammatory
cytokine response of peripheral blood neutrophils from
control and heaves-susceptible horses to bacterial-derived
stimuli, LPS and synthetic formylated peptide fMLP (N-
formyl-Met-Leu-Phe), and its functional consequence on
cell survival in vitro. We chose to study peripheral blood
neutrophils as airway neutrophils would be activated by
transmigration and by the local inflammatory milieu which
may differ between healthy and diseased animals. Also,
we used asymptomatic heaves-affected horses as antigen
challenge was reported to induce peripheral neutrophil
activation (Marr et al., 1997, 2002). The pro-inflammatory
responses of other leukocyte populations to microbial
stimuli were also compared between groups as well as their
expression of prototypical cytokines of the Th1, Th2 and
immunosuppressive phenotypes as these could modulate
innate immune responses.

2. Material and methods
2.1. Animals

Well characterized control horses and heaves-affected
horses belonging to the Respiratory Cellular and Molecu-
lar Biology Laboratory research herd were studied. Control
horses had no previous history of lung diseases and did not
develop airway obstruction upon challenge with moldy hay
in previous studies, in contrast to heaves-affected horses.
Horses were kept in the same environment and regu-
larly vaccinated and de-wormed. Sampling was performed
when heaves-affected horses were unexposed to moldy
hay/straw (clinical remission). During these periods, horses
were housed in a well-ventilated barn (Study 2) or in pas-
ture/paddocks (Study 1 and 3) and were fed with pellets
and sweet feed twice a day for more than 2 months. Remis-
sion of heaves was assessed by clinical scoring as described
earlier (Robinson et al., 2000). Briefly, a score from O to 4
was attributed to abdominal movement (0: no abdominal
effort; 4: severe and marked abdominal movement) and
nasal flaring (0: no flaring; 4: severe, continuous flaring).
Abdominal and nostril scores were added for a maximal
score of 8. Scores > 5 indicated the presence of airway dys-
function. All experimental procedures were performed in
accordance with the guidelines of the Canadian Council
for Animal Care and were approved by the Animal Care
Committee of the Faculty of Veterinary Medicine of the
Université de Montréal.

2.2. Study design

Different groups of horses were studied over a 3-year
period and clinical remission was assured by performing
clinical scores at each time point. In Study 1, neutrophils
were isolated from control horses (n=4) and heaves-
affected horses (n=6) in order to evaluate their gene
expression after culture with bacterial products. One
heaves-affected horse was recruited as a control but was
diagnosed with heaves after antigen challenge, explaining
the inequality of animal number in the two groups. In Study
2, neutrophil-depleted leukocytes were obtained from
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controls (n=5) and heaves-affected horses (n=5) for sim-
ilar cell culture and gene expression experiments. Serum
samples were also obtained from these horses at this time.
In Study 3, neutrophils were isolated from heaves-affected
horses (n=5) to perform gene expression analysis and
apoptosis assay. Control horses were not studied at this
time point as only the relationship between neutrophil
cytokine expression and survival was of interest.

2.3. Positive and negative isolation of leukocyte
populations from peripheral blood using
immunomagnetic selection (MACS)

Blood was drawn from the jugular vein in heparinized
sterile tubes (BD Vacutainer). Neutrophils were isolated
as previously described using positive immunomagnetic
selection (Joubert et al., 2001). Briefly, after sedimenta-
tion of blood for 1h at room temperature, neutrophils
were retrieved from the leukocyte-rich supernatant by
sequential incubation with primary monoclonal antibody
(#DH24A, VMRD Inc.) and secondary rat anti-mouse IgM
antibody conjugated to paramagnetic microbeads (MACS,
Miltenyi Biotec) before being loaded on a ferromagnetic LS
separation column (MACS, Miltenyi Biotec).

Neutrophil-depleted leukocytes eluted in the negative
fraction of cell isolation were pelleted and the remaining
RBCs were removed by two treatments with 0.83% ammo-
nium chloride (Sigma-Aldrich). The cells were washed
twice in PBS (w/o Ca%*/Mg%*, pH 7.4, GIBCO) using low
speed centrifugation (900 rpm, 15 min, GS-6R Centrifuge,
Beckman) to remove platelets.

Cell counts and viability assessment were performed
using a hemacytometer and Trypan blue dye (Invitro-
gen). Cytospins were prepared for differential counting
(Cytospin2, Shadon) and stained with Protocol Hema 3
(Fisher Scientific). A minimum of 400 cells were counted.

2.4. Cell culture conditions for gene expression analysis

Neutrophils and neutrophil-depleted leukocytes were
suspended at 5 x 106 cells/mL in culture medium RPMI
1640 supplemented with 10% heat inactivated low-
endotoxin FBS, 2mM L-glutamine, 100U/mL penicillin
and 100 pg/mL streptomycin (all products from GIBCO)
and cultured in 6- or 12-well plates (non-treated
plastic, Ultident, Canada) in the presence or absence
of Lipopolysaccharide from Escherichia coli 0:111B4
(100ng/mL) and Nformyl-Met-Leu-Phe (fMLP, 5ng/mL,

both from Sigma-Aldrich) for 5h in a CO, incubator
at 37°C. These concentrations were shown to induce
pro-inflammatory gene expression by equine neutrophils
(Joubert et al., 2001). Cell viability was assessed before
homogenization in TRIzol® Reagent (107 cells/test, Invit-
rogen). Samples were kept at —80 °C until further use.

2.5. RNA extraction and reverse transcription (RT)

RNA extraction was performed according to the
manufacturer instructions using 3 steps nucleic acid
precipitation with 0.2 volume chloroform, 1 volume
isopropanol and ethanol. RNA pellets were air-dried,
suspended in nuclease-free water and total RNA concen-
tration and purity was evaluated using spectrophotometry
(GeneQuantpro, Biochrom). Five hundred nanograms
of total RNA was used for reverse transcription as
described earlier (Lavoie-Lamoureux et al., 2010b) using
Oligo(dT);2,1s primers (Invitrogen) and AMV reverse tran-
scriptase (Roche Diagnostic). cDNA samples were stored
at —20°C. For gene analysis using primers that did not
span exon-intron boundaries (IL-4, INFy and IL-10), RNA
samples from neutrophil-depleted leukocytes were fur-
ther treated with amplification Grade DNAse1 (Invitrogen)
following manufacturer’s instructions before reverse tran-
scription.

2.6. qPCR

Real-time PCR was performed using Quantitect SYBR
Green PCR kit (QIAGEN) as described earlier (Lavoie-
Lamoureux et al., 2010b) on the RotorGene 3000 thermal
cycler (Corbett Research, Montreal-Biotec). PCR runs
included a first 10 min denaturation step at 95 °C followed
by a maximum of 50 amplification cycles. Quantification
was performed using optimized gene-specific standard
curves made of serial dilutions (10x) of PCR products
(QIAGEN’s Gel Extraction Kit) with reproducible efficiency
coefficient over 90% and a calibrator sample in the target
run. Absolute values were corrected relatively to ubiquitin
expression used as a reference gene. Primers are listed in
Table 1.

2.7. Apoptosis assays

The association between gene expression and cell sur-
vival was studied in neutrophils from heaves-affected
horses during clinical remission (n=5). Briefly, isolated

Table 1
Primers used for gene expression quantification using qPCR.
Sens (5 — 3') Anti-sens (5 — 3') References

IL-1B GAC TGA CAA GAT ACC TGT GGC CT AGA CAA CAG TGA AGT GCAGCCT Giguere and Prescott (1999)
IL-4 TCG TGC ATG GAG CTG ACT GTA GCC CTG CAG ATT TCC TTT CC Ainsworth et al. (2003)
IL-8 CTT TCT GCA GCT CTG TGT GAA G GCA GAC CTC AGC TCC GTT GAC Lavoie-Lamoureux et al. (2010b)
IL-10 TGC TAT GTT ACC TGG TCT TCC TGG TAG TAG AGT CAC CGT CCT GGA TGC Giguere and Prescott (1999)
INFy TCT TTA ACA GCA GCACCAGCAA GCG CTG GAC CTT CAG ATC AT Ainsworth et al. (2003)
TNFa CTT GTG CCT CAG CCT CTT CTCCTT C CTTGTGCCTCAGCCTCTTCTCCTTC
TLR2 GAA TCA CTG GAC AAT GCC ACA TGC AGA CAC CAG TGG GAT CAC AAG ACA
TLR4 TGG GAC TCT GAT CCC AGC CAT AGG TCC AGT TCC TTG GTT GAT GTG Lavoie-Lamoureux et al. (2010b)
Ubiquitin TAG CAG TTT CTT CGT GTC CGT TGT AAT CGG AAA GAG TGC GG Huang et al. (2007)
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neutrophils were cultured with or without microbial
products for 18 h in supplemented RPMI, as described
above. Aliquots of the cells (107) cultured in separate
plates were homogenized in TRIzol® Reagent after 5 h for
mRNA analysis. Apoptosis was assessed after 18 h using
APC-conjugated AnnexinV and 7-AAD (BD Biosciences) as
markers of cell apoptosis and death, respectively, follow-
ing the manufacturer’s instructions. Briefly, neutrophils
were washed twice in cold PBS (w/o) Ca2*Mg2* and 100 L
aliquots were incubated in the dark with AnnexinV-APC
and/or 7-AAD for 15 min at room temperature in 1x bind-
ing buffer (BD Biosciences). The cells were placed on ice
after adding 400 L of binding buffer and analysed imme-
diately on a FACSCalibur flow cytometer (BD Biosciences).
Data were acquired on 10 000 events and analysed using BD
CellQuest™ Pro Software (BD Biosciences). APC-AnnexinV
fluorescence was detected in FL-4 channel (690 nm) and
7-AAD in FL-3 channel (650 nm). Fluorescence threshold
levels were set using single-labelled neutrophils.

2.8. Determination of TNF concentrations in serum and
culture supernatants by ELISA

TNF was used as a marker of systemic inflammation in
serum samples (Higashimoto et al., 2008). Blood was col-
lected by venipuncture in dry sterile Vacutainers tubes (BD
Vacutainer). Blood samples were allowed to clot at room
temperature and were centrifuged for 10 min at 1500 rpm
(GS-6R Centrifuge, Beckman). Serum was collected and
frozen at —80°C within 2h of collection. TNF dosage
in serum samples and culture supernatants were per-
formed using equine TNF-o/TNFSF1A DuoSet® ELISA (RnD
Systems) with minor modification to the manufacturer’s
protocol, as described elsewhere (Lavoie-Lamoureux et al.,
2010a). Serum samples diluted in Bio-Plex Pro Isotyping
Diluent (Bio-Rad) 1:4 to 1:256 and culture supernatants
(1:1) in reagent diluent (bovine serum albumin 1% in PBS).
The assay detection limit was 3.9 pg/ml.

2.9. Statistical analysis

Data obtain from PCR experiments were analysed using
repeated-measures linear models using SAS v.9.1. (Cary,
NC). Stimulation (resting versus LPS+fMLP) was treated
as within-subject factors and the group (controls versus
heaves) as a between-subject factor. Graphpad Prism 5
software (GraphPad Software Inc.) was used to perform
all other analysis. Pearson’s correlation analysis was used
to assess the association between cytokine expression by
neutrophils and their % of viability on log;g-transformed
data. One-way paired t-test was performed on logig-
transformed neutrophils viability parameters as increased
survival was expected with stimulation. A repeated mea-
sures linear model with stimulation and group treated
as within- and between-subject factors, respectively, was
used to analyse logqp-transformed TNF concentrations in
neutrophil and mononuclear cell culture supernatants.
Serum TNF data were log;g transformed and mean concen-
trations between controls and heaves-affected horses were
compared using a two-tailed unpaired t-test. For statisti-
cal analysis purposes, a value of 3.9 pg/ml corresponding

to the assay detection threshold was assigned to samples
with undetectable TNF in ELISAs. Graphs show raw data,
expressed as mean+SEM. p Values less than 0.05 were
considered statistically significant.

3. Results
3.1. Animals

Horses did not show signs of pulmonary dysfunction
at times of sampling as assessed by clinical scoring: total
scores were <4 for all horses in all experiments.

3.2. Enhanced pro-inflammatory gene expression by
peripheral blood neutrophils and neutrophil-depleted
leukocytes from horses with heaves

We first compared the innate immune response of
neutrophils from healthy and heaves-affected horses
by assessing pro-inflammatory cytokine expression. The
purity of isolated neutrophils was 97.80+0.38% and
98.00 + 0.17% for controls and heaves respectively, and via-
bility was 95.354+1.01% and 97.08 +1.27%, respectively.
Neutrophils expressed significantly more IL-8 and TLR4
mRNA after stimulation with bacterial products for 5h in
both group of horses (p <0.05, Fig. 1). However, only neu-
trophils from heaves-affected horses showed significant
up-regulation of TNF mRNA and IL-1[3 expression.

In order to evaluate if the differences observed in gene
expression patterns were restricted to neutrophils, gene
expression by neutrophil-depleted leukocytes from the
two horse groups was also studied. This population con-
sisted primarily of mononuclear cells (>85%) (Table 2).
Cell viability was 99.02 +0.08% and 99.14 + 0.06% for con-
trols and heaves, respectively. As for neutrophils, the other
leukocyte populations showed a different gene expres-
sion profile whether they were isolated from diseased or
healthy horses. Indeed, stimulation with microbial prod-
ucts significantly enhanced the relative IL-13 and IL-8
mRNA expression in neutrophil-depleted leukocytes from
heaves-affected horses only (p<0.01, Fig. 2A). Surpris-
ingly, TNF expression was not increased by stimulation
in neutrophil-depleted leukocytes from either group. This
phenomenon was reproduced using different horses and
stimulation with LPS only (100 ng/ml, n=4, not shown)
suggesting that mononuclear cells have different kinetics
for TNF gene expression compared to neutrophils in horses.
However, in these cells, baseline TNF expression was sig-
nificantly higher in heaves-affected horses compared to

Table 2
Differential cell counts in neutrophil-depleted leukocytes.
Controls Heaves
Mean (%) SEM Mean (%) SEM
Mononuclear cells 86.91 3.68 88.45 3.98
Lymphocytes 76.66 3.90 79.65 4.01
Monocytes 10.25 0.56 8.80 0.83
Granulocytes 13.09 3.68 11.55 3.98
Eosinophils 9.60 2.67 4.60 1.97
Neutrophils 3.49 1.90 6.94 243
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Fig. 1. Gene expression in neutrophils from control and heaves-affected horses after stimulation with microbial products. Neutrophils were isolated from
the peripheral blood of healthy controls (n=4) and heaves-affected horses (n=6) during clinical remission. Cells were stimulated with microbial products
(LPS 100 ng/ml and fMLP 5ng/mL) for 5h. Quantitative PCR for pro-inflammatory cytokines (IL-1(, IL-8, TNF) and TLR4 was performed to compare the
innate immune responses of neutrophils from both groups. *p <0.05, **p<0.01.

control horses (p <0.05, Fig. 2A). Another contrasting obser-
vation was that LPS + fMLP did not significantly induce TLR4
up-regulation in neutrophil-depleted leukocytes after cul-
ture for 5h.

Prototypical cytokines of the Th1 (INF-vy), Th2 (IL-4)
and immunosuppressive (IL-10) phenotypes were also
studied (Fig. 2B). Differences in peripheral blood levels
of these cytokines have been reported during both dis-
ease remission and exacerbation (Horohov et al., 2005).
Here, we found no difference between groups in the
expression of INF~y and IL-10 in unstimulated cells. Stim-
ulation with microbial products for 5h did not affect
INF-y expression whereas a slight but significant decrease
in IL-4 expression was observed in neutrophil-depleted
leukocytes from heaves-affected horses only. LPS + fMLP
significantly enhanced the expression of IL-10 mRNA in
both groups.

3.3. TNF release by neutrophils and neutrophil-depleted
leukocytes in culture supernatants

ELISA was used to evaluate if increased release of TNF
in cell cultures from heaves-affected horses could attest
of or contribute to paracrine cellular priming. As shown

in Fig. 3, TNF remained undetectable in most neutrophil
supernatants (mean+SEM: 3.90+0.00pg/ml for all
unstimulated neutrophil supernatants; 5.504+ 1.60 pg/ml
versus 12.38 +5.06 pg/ml in stimulated neutrophil super-
natants from controls and heaves, respectively). Neither
stimulation nor group effect reached statistical signifi-
cance. All but one mononuclear cell culture supernatants
had detectable levels of TNF. The concentration of TNF was
95.64 +32.64 pg/ml in controls versus 88.14 +26.98 pg/ml
in heaves-affected horses unstimulated neutrophil-
depleted leukocytes and 233.744+57.84pg/ml versus
415.20+128.82 pg/ml in supernatants from LPS+fMLP-
stimulated neutrophil-depleted leukocytes from controls
and heaves-affected horses, respectively. In contrast to
mRNA data, microbial stimulation resulted in significant
release of TNF by neutrophil-depleted leukocytes from
both groups and no difference in baseline TNF release was
observed.

3.4. LPS+fMLP-induced TNF expression by neutrophils,
but not IL-8, correlates with their survival

Microbial stimulation delays spontaneous apopto-
sis in neutrophils (Colotta et al., 1992) partly through
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Fig. 2. Gene expression in neutrophil-depleted leukocytes from control and heaves-affected horses after stimulation with microbial products. Neutrophil-
depleted leukocytes were retrieved from the negative fraction of neutrophil isolation using MACS in healthy controls (n=5) and heaves-affected horses
(n=5) during clinical remission. Cells were stimulated with microbial products (LPS 100 ng/ml and fMLP 5ng/mL) for 5h. (A) Quantitative PCR for pro-
inflammatory cytokines (IL-1f3, IL-8, TNF) and TLR4 was performed to compare the innate immune responses of neutrophil-depleted leukocytes from
both groups. (B) INFy, IL-4 and IL-10 were quantified as prototypical cytokines of the Th1, Th2 and immunosuppressive adaptative phenotypes. *p <0.05,
*p<0.01, **p<0.001.
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paracrine/autocrine release of pro-inflammatory cytokines
(Bureau et al., 2000; Colotta et al., 1992; Cowburn et al.,
2004). As expected, we found an effect of LPS+fMLP
on neutrophil’s survival after culture for 18h (Fig. 4).
Increased % of live cells was observed in stimulated
neutrophils from 4 of the 5 horses compared to non-
stimulated neutrophils (21. 80 4 6.84% versus 30.01 +7.63,
p=0.06, Fig. 4B). A significantly decreased % of dead cells
(4.14+£0.55% versus 2.69+0.53%, p<0.01) was observed
in stimulated compared to non-stimulated neutrophils
whereas the decreased % of apoptotic cells did not reach
significance (73.97 +7.23% versus 67.13 +7.61%). Fig. 4C

shows that the % of viable cells after 18 h was significantly
correlated with TNF expression after 5 h, but not with IL-8,
in stimulated neutrophils. This association was not found
in unstimulated neutrophils (not shown).

3.5. Increased serum TNF concentration in asymptomatic
heaves-affected horses compared to controls

The presence of systemic inflammation in asymp-
tomatic heaves-affected horses could also contribute to
peripheral blood leukocyte priming. We thus compared
serum TNF concentration as a marker of systemic inflam-
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Fig. 4. The enhanced survival of peripheral blood neutrophils from asymptomatic heaves-affected horses cultured with microbial products is strongly
associated with their expression of TNF. (A) Representative scatter plots showing flow cytometry analysis of the rate of spontaneous apoptosis in neutrophils
with or without stimulation. Upper left: necrosis, upper right: death, lower left: viable, lower right: apoptosis. (B) Effects of stimulation with microbial
products (LPS 100 ng/ml and fMLP 5 ng/ml) on neutrophils viability parameters after 18 h in heaves-affected horses (n=5). (C) Correlation between absolute
TNF or IL-8 mRNA expression (ng/l) by stimulated neutrophils (5 h) and the percentage (%) of viable cells after 18 h (n=5). **p<0.01.
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Fig. 5. Serum TNF concentration in controls (n=4) and heaves-affected
horses (n=5) during clinical remission. A minimum value a 3.9 pg/ml was
assigned to samples with undetectable TNF concentrations. *p <0.05.

mation in normal and heaves-affected horses during
clinical remission (Fig. 5). TNF was detected in 4 over 5
horses affected with heaves and 1 over 4 controls. The mean
TNF concentration was significantly higher in heaves-
affected horses compared to controls (9 125.34+4 181.13
versus 40.18 +36.28 pg/ml, respectively).

4. Discussion

In the present study, we investigated the innate
immunoregulatory functions of leukocytes from horses
with heaves by comparing the response of peripheral
blood neutrophils and non-neutrophil leukocyte popu-
lations from diseased and healthy horses to common
bacterial-derived products. We found that in horses with
heaves, both cell populations were primed for enhanced
pro-inflammatory responses to LPS and formylated pep-
tides ex vivo. Stimulated neutrophils from asymptomatic
heaves-affected horses had up-regulated IL-1 and TNF
expression; the latter was strongly associated with their
survival rates. Neutrophil-depleted leukocytes from these
horses also had up-regulated pro-inflammatory cytokine
(IL-1B and IL-8) expression following stimulation and
showed high basal TNF mRNA levels compared to con-
trols, suggestive of cellular priming or activation. This
led us to investigate whether systemic inflammation was
involved in this phenomenon. Indeed, we found signifi-
cantly higher TNF concentrations in serum samples from
asymptomatic heaves-affected horses compared to nor-
mal horses kept in the same environment. Taken together,
these results suggest that systemic inflammation persist
in heaves-affected horses despite antigenic avoidance and
that this may contribute to prime peripheral blood neu-
trophils and mononuclear cells to subsequent microbial
stimulation.

Our present and previous findings (Joubert et al., 2008;
Lavoie-Lamoureux et al., 2010b) reveal that gene expres-
sionis not altered in resting peripheral blood neutrophils of
asymptomatic heaves-susceptible horses compared to nor-
mal horses. Neutrophil aberrant activation in susceptible
horses appears to be agonist-specific since it is observ-
able using microbial products (LPS+fMLP), but not IL-4
(Lavoie-Lamoureux et al., 2010b), suggesting that altered

innate immune responses to PAMPS may be associated
with heaves pathology. We found here that mononuclear
cells also present an exaggerated response to these stimuli
in horses with heaves. These results are in accordance with,
and extend the previous findings by Laan et al. that alveo-
lar macrophages of LPS-challenged heaves-affected horses
expressed higher IL-8 and IL-13 mRNA levels than those
from normal horses (Laan et al., 2006). Taken together,
these results suggest that in heaves, peripheral blood
leukocytes are prone to have exaggerated responses fol-
lowing activation with microbial stimuli and therefore the
differential cytokine expression of pulmonary leukocytes
may not solely reflect the influence of the local inflamma-
tory milieu. The contribution of innate immune stimuli to
this phenomenon, as opposed to adaptative responses, is
further demonstrated in Laan et al.’s study by the overex-
pression of inflammatory cytokine by heaves-susceptible
horses in response to hay dust suspension, but not after
stimulation with purified antigen extracts. It has been
shown that LPS may possibly participate to the develop-
ment of airway inflammation and obstruction in heaves-
affected horses in response to moldy hay or purified aller-
gens (Pirie et al., 2003a,b). Leukocyte exaggerated response
to LPS in heaves may also contribute to increase the horses’
sensitivity to LPS inhalational challenges, as reported by
Pirie et al. (2001). In asthmatic individuals, the nature
of the agonist is also pivotal in identifying dysregulated
cell activation as aberrant cytokine profiles were found
in LPS-stimulated but not phytohemagglutinin (PHA)-
stimulated peripheral blood leukocytes (Bettiol et al.,
2000).

Interestingly, in human asthmatics, a potentiation of
LPS responses by peripheral blood neutrophils and periph-
eral blood mononuclear cells (PBMCs) is also described
(Baines et al., 2010; Chun et al., 2010). This phenomenon
was not associated with an increased expression of
TLR4 by these cells. Similarly, we did not find differ-
ence between groups of horses in TLR4 mRNA expression
by neutrophils and neutrophil-depleted leukocytes. How-
ever, we found that the expression of pro-inflammatory
cytokines is more strongly associated with TLR4 expres-
sion in neutrophils than in neutrophil-depleted leukocytes
(not shown). These differences are likely due to the lack
of TLR4 and TNF up-regulation after microbial stimula-
tion for 5 h in neutrophil-depleted leukocytes, as opposed
to neutrophils. However it may imply that increase in
TLR4 expression by stimulated neutrophils contribute
to their enhanced pro-inflammatory cytokine expression
induced by microbial products. These results also suggest
that an increased proportion of neutrophil in sputum or
BAL samples from asthmatics or heaves-affected horses,
respectively, would contribute to the associated increased
expression of innate immune molecules. In support for
this hypothesis, Simpson et al. showed that pulmonary
inflammation in patients with neutrophilic asthma was
associated with increased mRNA expression of receptors
related to innate immune responses, particularly to LPS
(TLR4, TLR2 and CD14), as well as up-regulated expression
of signature cytokines of innate immunity (IL-1f3, IL-8 and
TNF) when compared with different inflammatory pheno-
types (Simpson et al.,2007). Similar findings are reported in
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heaves-affected horses as their bronchoalveolar lavage
(BAL) cells expressed higher TLR4 and IL-8 mRNA levels
compared to control horses exposed to similar environ-
ment (Ainsworth et al., 2006).

Possible mechanisms implicated in differential intrin-
sic innate immune responses include aberrant receptors
expression or signaling pathways. Polymorphisms in CD14
(Lachheb et al., 2008), TLR2 (Eder et al., 2004) and TLR4
(Fageras Bottcher et al., 2004) genes have been asso-
ciated with the development of asthma in children or
to LPS responsiveness (Arbour et al., 2000). Importantly,
gene-environment interactions seem to be pivotal for the
determination of outcomes related to asthma and allergic
sensitization in humans (Eder et al., 2004; Vercelli, 2010)
and in horses (Eder et al., 2001; Marti et al., 1991). Hence,
it can be postulated that horses bearing alteration in genes
related to innate immunity could be at higher risk for the
development of heaves if housed in certain environments.
Of note, TLR4 and CD14 SNPs were reported in certain
breeds of horses (Vychodilova-Krenkova et al., 2005), but
have not yet been associated with altered LPS respon-
siveness using equine whole blood leucocytes (Werners
et al., 2006). Alternatively, as the expression of the anti-
inflammatory cytokine IL-10 was not significantly higher
in neutrophil-depleted leukocytes from heaves-affected
horses compared to controls, we can infer that cellular
activation by microbial stimuli in heaves is prone towards
a global pro-inflammatory balance. This altered balance
also characterized the LPS response of pulmonary cells
from COPD patients, a human neutrophilic airway disease,
mainly through a dysregulated TNF/IL-10 expression ratio
(Hackett et al., 2008). Nonetheless, from our results, it may
be hypothesized that heaves-susceptible horses possess
a hyperresponsive phenotype concerning their inflamma-
tory response to PAMPS and that this would allow antigen
presenting cell activation upon inhalation of endotoxins
whereas hyporesponsive phenotypes would not (Iwasaki
and Medzhitov, 2004). The concomitant presence of aller-
gens in inhaled air would favour the process of allergic
sensitization in these horses.

One consequence of inappropriate neutrophil activa-
tion is the inhibition of spontaneous apoptosis and their
prolonged release of toxic mediators at inflammatory
sites. In heaves-affected horses, resolution of inflamma-
tion corresponds in time with pulmonary neutrophils
apoptosis and their removal by macrophages (Brazil
et al.,, 2005). Neutrophil apoptosis can be regulated by
pro-inflammatory cytokines in autocrine and paracrine
manners as well as by microbial-derived stimuli. There-
fore, we explored the relationship between neutrophil
cytokine expression and their survival as a consequence
of dysregulated innate immune responses. We found that
microbial-induced TNF expression by neutrophils from
heaves-affected horses, unlike IL-8, was strongly associ-
ated with their survival ex vivo. Although both cytokines
are up-regulated in the lungs of these horses after hay
exposure (Franchini et al., 2000; Giguere et al., 2002), and
may contribute to neutrophil activation and recruitment
to the lungs, the autocrine TNF production by neutrophils
may particularly contribute to sustain cellular activation
and survival in the airways. This hypothesis is in agreement

with Bureau et al.’s proposal that high NF-kB activity and
release of IL-13 and TNF by airway neutrophils prevent
apoptosis and contribute to chronic airway inflammation
in horses with heaves (Bureau et al., 2000). In human
neutrophils, it has been shown that LPS induces early
TNF expression which contributes to its anti-apoptotic
effect (Keel et al., 1997). LPS induced-TNF also enhances
the late IL-8 secretion by human neutrophils (Cassatella,
1995), which is associated with TNF-induced neutrophils
survival (Cowburn et al., 2004), in contrast to the early
IL-8 expression evaluated in the present study (5 h). Other
mechanisms implicated in TNF-induced survival include
activation of NF-kB, phosphoinositide-3-kinase (PI3-K)
and ERK1/2 (Cowburn et al., 2004; Kilpatrick et al., 2006)
and the transcription of the survival factor myeloid cell
leukemia-1(Mcl-1) which inhibits in the intrinsic apo-
ptosis pathway (Luo and Loison, 2008). Also, it is known
that TNF delays apoptotic neutrophils phagocytosis by
macrophages in vivo (Borges et al., 2009).

We hypothesized that systemic inflammation could
account for the priming of peripheral blood leukocytes in
asymptomatic heaves-susceptible horses. Systemic inflam-
mationisindeed afeature of chronic inflammatory diseases
including obesity (Park et al., 2005), cancer (Deans and
Wigmore, 2005), rheumatoid arthritis (RA) (Snow and
Mikuls, 2005), inflammatory bowel diseases (Niederau
et al., 1997), asthma and chronic obstructive pulmonary
disease (COPD) (Gan et al., 2004; Higashimoto et al., 2008).
The presence of inflammatory molecules such as cytokines
or acute phase proteins (APP) in the systemic circulation
may directly modulate leukocytes activation state. TNFis a
cytokine found to be up-regulated in the blood of patients
with asthma (Barnes, 2003; Higashimoto et al., 2008) along
with other acute phase proteins. We previously showed
that serum TNF concentrations were high in heaves-
affected horses during exacerbation (Lavoie-Lamoureux
etal., 2010a). Here we report for the first time that markers
of systemic inflammation persist in asymptomatic heaves-
affected horses. Activated PBMCs could represent a source
of TNF as its mRNA expression was highly expressed at
baseline in heaves-susceptible horses. However, we did not
find agreement between the mRNA expression and pro-
tein content of PBMCs culture supernatants suggesting that
the secretion TNF is tightly regulated. Post-transcriptional
regulation of TNF is indeed well described in other species
(Lai et al., 1999; Seko et al., 2006) and occurs in peripheral
blood leukocytes in horses (Vick et al., 2007). Interestingly,
in a murine model of thermal injury, systemic priming of
neutrophils involves p38 mitogen-activated protein kinase
(MAPK) phosphorylation and activation of both NF-kB
and activator-protein (AP)-1 through TNF-dependant and
-independent pathways (Chen et al., 2006). It remains to
be determined whether similar mechanisms are involved
in systemic leukocytes priming in heaves-affected horses
and contribute to enhance their pro-inflammatory cytokine
expression in response to microbial stimuli.

5. Conclusion

We found that peripheral blood leukocytes from
heaves-susceptible horses in clinical remission of the
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disease show exaggerated pro-inflammatory cytokine
responses to common bacterial-derived products. These
altered innate immune responses are associated with
systemic inflammation in these horses. It may be pos-
tulated that horses with heaves have a susceptible
genotype/phenotype for enhanced responses to PAMPS
and that low levels of microbial products inhalation in low
dust environments may contribute to sustain low-grade
local and systemic inflammation despite the absence of
airway obstruction. Alternatively, heaves may underlie a
systemic disease component which may modulate leuko-
cytes innate immune responses and contribute to disease
exacerbation. Systemic inflammation could also be a conse-
quence of airway remodeling as the latter is a stable process
in heaves (Leclere et al., 2011) and involves inflammatory
mediator release by proliferating cells. Future studies are
required to identify the mechanisms involved in systemic
priming of leukocytes and other systemic inflammation
markers in heaves-affected horses.
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