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Endotoxaemia is a major cause of equine morbidity, and plasma from horses immunised against Esche-
richia coli is used in its treatment. The aim of this study was to determine the effects of hyperimmune
plasma on the clinical and leukocyte responses, including production and activity of TNFa, in an
in vivo endotoxin challenge model. Pre-treatment with hyperimmune equine plasma had no significant
effect on peak total plasma TNFa concentration (occurring 90 min after the administration of 30 ng/kg
LPS). However, the bioavailable (unbound) TNFa measured by bioassay was significantly reduced in
plasma-treated horses (1044.44 ± 193.93 pg/ml at 90 min) compared to saline treated controls
(1373.92 ± 107.63 pg/ml; P = 0.05). Therefore, although pre-treatment with hyperimmune equine plasma
did not significantly modify the clinical signs of endotoxaemia in this model, there was some evidence of
reduced TNF bioactivity, which may be due to factors in the plasma which bind and reduce the activity of
this cytokine.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Endotoxaemia remains a major cause of equine morbidity and
mortality. Horses are particularly sensitive to the effects of endo-
toxin, which plays a key role in a number of serious equine condi-
tions including acute abdominal disease, colitis, post operative
ileus, laminitis, peritonitis, pleuropneumonia, metritis, exertion,
neonatal septicaemia, recurrent airway obstruction and inflamma-
tory airway disease (Moore, 1988; Tóth et al., 2009; Beeler-Marfisi
et al., 2010). Many current pharmacological therapies, such as non-
steroidal anti-inflammatory drugs (NSAIDs), may only affect part of
the inflammatory cascade (Baskett et al., 1997), therefore making
this a difficult condition to manage effectively (Moore and Barton,
2003).

Lipopolysaccharide (LPS) induces a cytokine mediated systemic
inflammatory response syndrome (SIRS) that may lead to hypovo-
laemic shock, coagulopathy and catastrophic multiple organ failure
(Werners et al., 2005). Activated mononuclear leukocytes and
other cells secrete inflammatory cytokines, including tumor necro-
sis factor alpha (TNFa) and interleukin one beta (IL-lb) which initi-
ate an inflammatory cascade leading to the attachment and
migration of leukocytes through the vascular endothelium and
resulting in tissue damage (Werners et al., 2005).
ll rights reserved.
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Hyperimmune plasma or serum, from horses immunised
against Gram negative bacteria and their endotoxins, has been
used in the treatment of endotoxaemia in horses, and its clinical ef-
fects have been evaluated. Some studies have shown beneficial ef-
fects of the administration of anti-endotoxin antibodies in
experimental endotoxaemia, horses with colic and critically ill
and septic neonatal foals (Garner et al., 1988; Peek et al., 2006;
Spier et al., 1989). In contrast, the results of other studies failed
to reveal beneficial effects (Durando et al., 1994; Morris et al.,
1986; Morris and Whitlock, 1987). The mechanism of action of
hyperimmune plasma may be multi-factorial. Firstly, it may con-
tain antibodies that bind to LPS, either reducing induction of the
pro-inflammatory response by leukocytes or accelerating the clear-
ance of LPS (Gaffin and Wells, 1987; Wells et al., 1987). In addition,
it may contain proteins such as the soluble TNFa receptor
(sTNFaR), which bind to TNFa and render it biologically inactive
(Kotiw et al., 2006).

While previous studies have investigated the use of hyperim-
mune plasma or serum on the clinical signs of endotoxaemia in
clinical and experimental conditions, its precise mechanism of ac-
tion, and the extent to which it prevents leukocyte activation, have
yet to be fully determined. This project investigated the extent to
which hyperimmune equine plasma is able to prevent key parts
of the inflammatory response in a low-dose endotoxin challenge
model using highly purified E. coli LPS. The aims of the study were
to measure the effect of hyperimmune plasma on (1) clinical
parameters and (2) leukocyte activation as measured by blood
leukocyte counts and production of the important cytokine TNFa.
ine plasma on clinical and cellular responses in a low-dose endotoxaemia

http://dx.doi.org/10.1016/j.rvsc.2010.10.020
mailto:bais@unimelb.edu.au
http://dx.doi.org/10.1016/j.rvsc.2010.10.020
http://www.sciencedirect.com/science/journal/00345288
http://www.elsevier.com/locate/rvsc
http://dx.doi.org/10.1016/j.rvsc.2010.10.020


Fig. 1. Effect of pre-treatment with Equiplas hyperimmune plasma (solid circles) or
saline (open squares) on the heart rate of horses challenged with 30 ng/kg E. coli
endotoxin (0–30 min). Each point represents the mean ± sem value from six horses.
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Furthermore, we aimed to investigate the potential presence of
binding proteins (such as soluble TNFa receptor) in hyperimmune
plasma, which may reduce bioavailability of this cytokine, by com-
paring the total and bioactive form of TNFa.

2. Materials and methods

2.1. Animals

Six healthy adult standardbred horses (6 mares; mean age
7 years, range 5–15 years; weight 437.8 ± 14.3 kg) were used. This
work was approved by the Animal Ethics Committee of the Univer-
sity of Melbourne (Ethics approval number: 0808347.3).

2.2. Experimental design and pre-treatments

The study was conducted as a crossover design, with each horse
acting as its own control. Prior to the first low-dose endotoxin
administration, three horses (randomly assigned by simple lottery)
received hyperimmune equine plasma (2 L of Equiplas E; Plasvacc
Pty. Ltd., Queensland, Australia) and the other three received the
equivalent volume of saline (0.9% NaCl), during the 60 min imme-
diately prior to the LPS infusion. After a washout period of 21 days
between experiments, the treatments were crossed over so that
each of the six horses received both pre-treatments.

2.3. Low-dose endotoxin challenge

Jugular vein catheters were placed under local anaesthesia
(2 ml of 2% lignocaine; Ilium Lignocaine 20, Troy Laboratories
Pty. Ltd., Smithfield, Australia). Endotoxin (E. coli LPS O55:B5;
1.2 million endotoxin units/mg; Sigma–Aldrich Pty. Ltd., Sydney,
Australia) was sterile filtered (0.22 lm syringe filters; Millex GP;
Millipore Ltd., Cork, Ireland) into 500 ml saline, and was adminis-
tered intravenously at a dose of 1 ng/kg/min, over 30 min (Time
0–30 min; total dose 30 ng/kg), controlled by an infusion pump.
The LPS used was purchased in a purified form (purification by
gel-filtration chromatography) and was low in protein and DNA
content.

2.4. Clinical parameters and sampling procedure

Physical examination variables including rectal temperature,
heart rate, respiratory rate, and demeanour were recorded imme-
diately prior to pre-treatment (Time �60 min), and before LPS
infusion (Time 0) and then every 15 min for the first 2 h, then every
30 min for the following 4 h. Jugular venous blood samples were
collected at the same time points into tubes containing anticoagu-
lant EDTA or heparin.

Horses were held in stocks (two horses side by side in separate
stocks) in a covered building for the first 4 h, with ad libitum hay
and water, after which they were allowed into a small concrete
yard for a further two hours. At the 6 h time point, the experiment
was completed; all horses then received flunixin meglumine
(1.1 mg/kg intravenously) and were allowed back into their pad-
dock. Additional observations were conducted in the paddock after
24 h.

2.5. Analytical methods

Leukocyte counts were performed on whole blood samples
using a Coulter Counter (model Z1; Coulter Electronics Inc.).

Total plasma TNFa concentration was measured using an
equine specific ELISA assay (Endogen Equine TNFa screening set;
Thermo Fisher Scientific Inc., Rockford, IL, USA), as previously de-
Please cite this article in press as: Forbes, G., et al. Effects of hyperimmune equ
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scribed and validated by Vick et al. (2007). Equine recombinant
TNFa (Thermo Fisher Scientific) was used for the standard curve.
Measurements were made in duplicate.

Bioavailable (unbound) plasma TNFa was measured using a cell
survival bioassay (L929 mouse fibroblast cell line) as described
previously with equine samples by Armstrong and Lees (2002)
and Kotiw et al. (2006). This cell line is sensitive to TNF-induced
cell death, which was assayed using a MTT assay kit (TACS MTT cell
proliferation assay; R&D Systems Inc., Minneapolis MN). The yel-
low tetrazole dye, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT), is reduced to a purple formazan
compound in living cells, which is then quantified using a colouri-
metric plate reader (absorbance read at 570 nm with reference
wavelength of 650 nm). Recombinant equine TNFa, diluted in cell
culture medium and an equivalent volume of blank equine plasma
containing no detectable TNFa, was used to produce the standard
curve.

2.6. Statistical analysis

In this randomised cross-over study, each horse acted as its own
control, and therefore data were analysed in a pair-wise manner.
The effect of hyperimmune equine plasma was compared with sal-
ine treatment at each time point by a two-way repeated measures
analysis of variance with Bonferroni’s post hoc test. In addition, the
peak values for plasma TNFa were compared between saline and
hyperimmune equine plasma treatments using a paired t-test. In
all cases, significance was accepted at P 6 0.05, rounded to two
decimal places.
3. Results

3.1. Clinical data

The low-dose endotoxin administration was very well tolerated
by all of the horses, and the clinical signs were mild and transient,
as expected. There were no significant differences in heart rate or
respiratory rate between saline treatment and hyperimmune
equine plasma treatments, although the changes from baseline val-
ues were not very marked (Figs. 1 and 2).

With saline treatment prior to LPS challenge, the rectal temper-
ature increased from 37.58 ± 0.17 �C at time 0 to a maximum of
39.05 ± 0.18 �C at 210 min; this is consistent with the increases ob-
served in previous studies using this model. Following pre-treat-
ment with the hyperimmune equine plasma, the peak rectal
temperature was not significantly reduced compared with saline
controls, reaching a maximum of 38.92 ± 0.19 �C (Fig. 3).
ine plasma on clinical and cellular responses in a low-dose endotoxaemia
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Fig. 2. Effect of pre-treatment with Equiplas hyperimmune plasma (solid circles) or
saline (open squares) on the respiratory rate of horses challenged with 30 ng/kg
E. coli endotoxin (0–30 min). Each point represents the mean ± sem value from six
horses.

Fig. 3. Effect of pre-treatment with Equiplas hyperimmune plasma (solid circles) or
saline (open squares) on the rectal temperature of horses challenged with 30 ng/kg
E. coli endotoxin (0–30 min). Each point represents the mean ± sem value from six
horses.

Fig. 4. Effect of pre-treatment with Equiplas hyperimmune plasma (solid circles) or
saline (open squares) on peripheral blood leukocyte counts in horses challenged
with 30 ng/kg E. coli endotoxin (0–30 min). Each point represents the mean ± sem
value from six horses.

Fig. 5. Effect of pre-treatment with Equiplas hyperimmune plasma (solid circles) or
saline (open squares) on total plasma TNFa concentration, as measured by ELISA, in
horses challenged with 30 ng/kg E. coli endotoxin (0–30 min). Each point represents
the mean ± sem value from six horses.

Fig. 6. Effect of pre-treatment with Equiplas hyperimmune plasma (solid circles) or
saline (open squares) on plasma TNFa in horses challenged with 30 ng/kg E. coli
endotoxin (0–30 min), as measured by L929 bioassay. Each point represents the
mean ± sem value from six horses. *Significant difference in peak value (90 min)
between plasma and saline pre-treatments; paired t-test (P = 0.05).

G. Forbes et al. / Research in Veterinary Science xxx (2010) xxx–xxx 3
3.2. Leukocyte counts

With saline pre-treatments (controls) blood leukocyte counts
decreased from 12.43 ± 1.55 � 109 leukocytes per litre at time 0
to a nadir of 4.12 ± 0.82 � 109/L at 105 min post endotoxin, before
recovering to baseline values by 6 h. LPS-induced changes in blood
leukocytes after hyperimmune plasma treatment were not signifi-
cantly different from the controls, reaching a nadir of
5.35 ± 1.06 � 109 leukocytes per litre at 105 min, and recovering
to 13.07 ± 0.24 � 109/L at 6 h (Fig. 4).

3.3. Tumor necrosis factor – ELISA

Pre-treatment with hyperimmune equine plasma had no signif-
icant effect on the peak plasma TNFa concentration, which oc-
curred at 90 min (881.93 ± 58.93 pg/ml with saline treatment
compared with 812.36 ± 126.05 pg/ml following hyperimmune
equine plasma administration; Fig. 5).

3.4. Tumor necrosis factor – bioassay

There was a significant difference (P = 0.05) observed between
the bioavailable (unbound) TNFa measured by bioassay in the sal-
ine treated controls, which peaked at 1373.92 ± 107.63 pg/ml
(90 min), and the hyperimmune equine plasma pre-treatment,
which peaked at 1044.44 ± 193.93 pg/ml (Fig. 6).
Please cite this article in press as: Forbes, G., et al. Effects of hyperimmune equ
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3.5. Effect of time on clinical signs and cytokine responses

The data from the control experiments (saline pre-treatment
before LPS) were compared to confirm that there were no signifi-
ine plasma on clinical and cellular responses in a low-dose endotoxaemia
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cant differences in the measured parameters between the first and
second endotoxin challenges, that might indicate endotoxin toler-
ance. There were no significant differences between the peak rectal
temperatures in the three horses given saline then LPS as their first
challenge, compared with saline plus LPS as their second challenge
(39.17 ± 0.17 �C and 39.13 ± 0.32 �C, respectively). Similarly, the
changes in peak TNFa concentrations were not significantly differ-
ent between first and second challenges (peak TNFa [measured by
ELISA] 1008.0 ± 199.8 pg/ml and 971.3 ± 420.6 pg/ml, respec-
tively). Ensuring three plasma treatments and three saline treat-
ments in each of the first and second challenge periods would
also have negated any effects of time on the results.
4. Discussion

This study indicates that although hyperimmune equine plasma
had no measureable effect on clinical signs in the low-dose endo-
toxin challenge model (which induces only mild systemic inflam-
mation), there is some evidence to suggest that hyperimmune
plasma may inhibit the bioactivity of TNFa.

The experimental model of endotoxaemia used in this study is
well established and previously published by a number of groups
(Menzies-Gow et al., 2004; Poulin Braim et al., 2009). The low-dose
challenge, using 30 ng/kg bodyweight, is preferred by the investi-
gators in the present study on ethical grounds because of the very
mild signs of toxaemia shown by the horses. Typically, body tem-
perature is raised by approximately 1.5 �C, and minimal changes in
heart rate and respiratory rate are observed. This model does how-
ever produce a predictable effect on leukocyte activation, indica-
tive of systemic inflammation, as evidenced by the increase in
plasma TNFa activity and the decrease in leukocyte count.

Although endotoxin tolerance has been described in horses gi-
ven consecutive doses 24 h apart (Allen et al., 1996), this phenom-
enon is not a significant problem when one adheres to an adequate
washout period. The mechanism of short-term tolerance is un-
known, but may be associated with reduced leukocyte responsive-
ness and/or production of anti-inflammatory cytokines (Flohé
et al., 1999; Frellstedt and Furr, 2010). Where a sufficient washout
period is observed, each horse can be used as its own control in
endotoxin challenge experiments (Menzies-Gow et al., 2008). In
the present study, with a 21 day washout period, none of the re-
sponses caused by endotoxin was significantly altered over time.

Our hypothesis was that the antibodies raised to the E. coli J5
rough mutant in hyperimmune equine plasma would include anti-
bodies against the polysaccharide core antigen, and therefore the
activity of the administered endotoxin would be partially neutra-
lised. However, the clinical effects of endotoxin (heart rate, respira-
tory rate, rectal temperature) were not significantly improved by
pre-treatment with hyperimmune equine plasma in our model.
Furthermore, the fact that the decrease in leukocyte count was
similarly unaffected suggests that leukocyte activation was not sig-
nificantly moderated.

There are several possible explanations for these findings.
Firstly, antibody specificity for the different regions of the LPS
molecule should be considered. It is the lipid A portion of the LPS
molecule which activates the innate immune response binding to
CD14 and TLR4 receptors on leukocytes (Bryant et al., 2010; Figuei-
redo et al., 2008). Rapid neutralisation of LPS would require anti-
bodies binding to the lipid A moiety. Studies in cattle have
indicated that antibody isotypes isolated from the plasma of
animals immunised with the J5 mutant showed no appreciable
binding to purified lipid A, or indeed to purified LPS
(Chaiyotwittayakun et al., 2004). The fact that studies have shown
protection with hyperimmune J5 plasma in clinical endotoxaemia
(Spier et al., 1989; Ziegler et al., 1982) means that the antibodies
Please cite this article in press as: Forbes, G., et al. Effects of hyperimmune equ
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in this plasma could be binding to other surface antigens of bacte-
ria, perhaps in conjunction with LPS. One study has shown that
antiserum to J5 may bind to whole bacteria with LPS on their sur-
face, at particular growth stages when the core LPS epitopes are
most exposed (McCallus and Norcross, 1987). Further studies have
suggested that much of the antibody binding may actually be to
LPS-outer membrane protein (OMP) complexes, released by bacte-
rial cell walls (Freudenberg et al., 1989).

Antibody binding to the polysaccharide regions may not pre-
vent leukocyte activation in the first instance, although they may
accelerate clearance of LPS from the circulation. Effects on LPS
clearance may not be appreciated in the present acute model
(administering LPS for only 30 min). Furthermore, the E. coli LPS
used in the present study (and commonly used in this model by
other researchers) was O55:B5 LPS, highly purified by phenol
extraction, and this was different to the O111:B4 LPS on the
E. coli used to immunise the horses from which the hyperimmune
equine plasma was obtained. Some studies, such as Siber et al.
(1985) suggest that immunisation (of rabbits) with whole E. coli
J5 induces high concentrations of IgG antibody that recognise the
homologous LPS (O111:B4), but lower concentrations of antibody
that bind to heterologous LPS.

To determine the form(s) of LPS to which the antibodies bind
most effectively in horses would require many further laboratory
investigations. However it is very likely that the present model
using pure LPS does not entirely represent the situation of natu-
rally occurring endotoxaemia, where there will be various forms
of LPS released into the circulation, including LPS–OMP complexes.
Horses with clinical endotoxaemia have been found to have plasma
endotoxin levels up to 469 pg/ml (although great variability exists;
Menzies-Gow et al., 2005). The present low-dose challenge model
produces plasma concentrations in the range of 10–15 pg/ml
(Menzies-Gow et al., 2004).

The fact that the bioassay for TNFa (using L929 cells) showed a
reduced bioactivity in horses pretreated with hyperimmune
equine plasma (but not reduced total levels vs saline controls), sug-
gests that the hyperimmune plasma contains substances which
may bind and inactivate circulating TNFa at high concentrations.
This is most likely attributable to soluble TNFa receptor, although
there are other circulating protein factors which may also bind
TNFa, such as alpha-2 macroglobulin (Coté et al., 1996). Therefore
a specific test would be required to confirm this supposition, but
the findings are certainly consistent with the previous in vitro
experiments conducted by Kotiw et al. (2006), which found that
the same type of hyperimmune plasma that was used in the pres-
ent study could reduce the direct effects of recombinant TNFa in
the L929 cell bioassay. Soluble TNFa receptor protein was not mea-
sured in the present study because there is no equine specific test
currently available, although it has been found in canine hyperim-
mune plasma (Kotiw et al., 2010).

There are several possible reasons for the discrepancy between
the TNFa values given by the ELISA assay and the bioassay in the
present study. The ELISA assay may underestimate the TNFa con-
centration at higher concentrations, even though samples with val-
ues greater than 500 pg/ml were further diluted and re-assayed, to
ensure that they were on the straight part of the (sigmoidal) cali-
bration curve. Also, since the bioassay relies on quantifying the
death of L929 murine fibroblasts, this assay may be influenced to
some degree by other factors in the plasma, even though appropri-
ate controls were used (TNFa standards diluted in low-TNF equine
plasma). The effects of a number of factors in plasma samples may
potentially contribute towards increased variability and error in
any cell-based bioassay (the most likely being endotoxin); how-
ever, it has previously been determined in our laboratory (and oth-
ers) that LPS and other pro-inflammatory cytokines do not
contribute to cell death in this bioassay (data not shown).
ine plasma on clinical and cellular responses in a low-dose endotoxaemia
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TNFa is an important pro-inflammatory cytokine released in
endotoxaemia and therefore reducing its activity would be ex-
pected to have beneficial effects on the outcome of the condition
(by reducing further leukocyte activation, tissue damage and organ
dysfunction). Apart from cytokine effects, it is important to be
aware of other beneficial effects of plasma therapy in endotoxa-
emia, such as the restoration of clotting factors which may be de-
pleted if disseminated intravascular coagulation (DIC) occurs.
There was no clinical evidence of DIC in the low-dose endotoxin
model, and measurements of coagulation cascades and clotting
factors were not undertaken in the current study.

In summary, pre-treatment with hyperimmune equine plasma
was not associated with significant improvements in the clinical
signs of mild, transient endotoxaemia in the low-dose endotoxin
challenge model. However there was some evidence of reduced
TNFa bioactivity. The effects of other active compounds in hyper-
immune plasma which may also be beneficial in the treatment of
equine endotoxaemia, such as clotting factors and other plasma
proteins, were not evaluated in this model.
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