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Executive summary 

 

The Plant Toxins Research Group, CSIRO Livestock Industries, have 

previously developed a prototype vaccine based on modified tunicamycins 

and Australian foetal calf serum carrier proteins that successfully protected 

sheep from the clinical effects of Annual Ryegrass Toxicity in laboratory trials.  

A commercial assessment of the current vaccine concluded that a commercial 

partner could become involved as soon as formulation and administration 

aspects were resolved.  This project was designed based on these 

recommendations, with commercially important parameters such as vaccine 

dose, regime, antibody kinetics, vaccine stability and safety investigated in an 

18 month project using 21 groups of merino sheep. 

 

The vaccine has been robust in performance.  Sheep tolerated the vaccine 

well, with a commercially acceptable level of injection site reactions.  There 

seems to be high degree of tolerance to differing doses, timing and storage of 

the vaccine.  There was little significant difference in antibody kinetics among 

the groups and titres produced were consistently above what is thought to be 

protective levels based on previous successful challenge studies.  All results 

in this study were positive in terms of the future progression of this vaccine 

through to a commercial product. 
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1 INTRODUCTION 

1.1 Background 

ARGT impacts upon animal health, welfare and productivity in addition to farm 

economics and producer morale. In the ARGT-endemic area of Western 

Australia alone, 1997 Australian Bureau of Statistics figures indicate a 

presence of about 16 million sheep and 300,000 cattle.  In normal ARGT 

seasons the average number of sheep deaths in WA is around 30,000.  In 

severe ARGT seasons there have been as many as 88,168 reported deaths 

from ARGT. Non-lethal effects of ARGT include reduced wool production and 

quality; abortion; poor, post-intoxication reproduction; longer finishing time for 

lambs of exposed ewes. 

 

A successful vaccine will eliminate or reduce the effects of ARGT such as 

management problems, emotional costs to wool growers and livestock 

producers, clinical toxicity and reduction of wool growth, wool fibre diameter 

and total wool volume. It will reduce the potential for animal welfare concerns 

related to the dramatic death and other clinical effects to adversely impact 

domestic and international markets. A successful vaccine may also address 

human food safety concerns by preventing accumulation of the ARGT toxins 

(corynetoxins) in animal tissues by increasing the rate of clearance of the 

toxins from the tissues.   

1.2 Rationale 

Using CSIRO-patented technology (Australian Patent application No 

66010/98), the Plant Toxins Research Group of the CSIRO Livestock 

Industries developed a vaccine, based on modified tunicamycins and 

Australian foetal calf serum (FCS) carrier proteins, that successfully protected 

sheep from the clinical effects of Annual Ryegrass Toxicity (ARGT) in 

laboratory trials. A commercial assessment of the current vaccine, 

commissioned by Meat and Livestock Australia (MLA) and conducted by 

Baron Strategic Services Pty Ltd., concluded that: 
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“the ARGT vaccine could be commercially viable notwithstanding the 

geographically limited market. Some additional development work is 

recommended prior to commercialisation. It is also recommended that the 

possibility of using a recombinant replacement for tunicamycin be explored.”  

In addition: “commercialisation requires finalisation and optimisation of the 

formulation and dose regime, confirmation of raw material sources, optimising 

production, establishing shelf life, efficacy and safety, and preparing a 

regulatory dossier. A commercial partner could become involved as soon as 

formulation and administration aspects were resolved.” 

 

Thus, this project will define commercially important parameters for the 

experimental ARGT vaccine. Criteria such as the optimum (or near optimum) 

amount of immunogenic conjugate to be included in the vaccine, the 

vaccination protocol (how many booster injections are required after the first 

vaccination), the rate of production and decline of corynetoxin antibodies, the 

character of induced antibodies (IgM, IgG), stability of the vaccine during 

storage and formulation variables such as dose volume and injection site 

reactions will be defined. 

1.3 Objectives 

The Project is expected to result in a vaccine product which will be attractive 

to a commercial partner for further development into pen-based challenge 

studies, field trials and the accumulation of registration data.  

What we want to know: 

• The optimum time for giving the booster injection of the ARGT vaccine 

after the first injection.  Timing the second injection for just after the 

peak of antibody titre following the primary injection is expected to 

result in the best boost to corynetoxin antibody levels. 

• The optimum concentration of immunogenic conjugate required to 

stimulate the highest and most stable (persistent) level of corynetoxin 

antibodies i.e., the kinetics of the antibody production 

• Whether a secondary booster injection is required  
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• Which of two volumes of vaccine formulation produces the better 

antibody titre kinetics and the best memory effect after 12 months 

• Which of 3 immunogenic conjugate levels provides the most stable 

vaccine when stored for 6 months and 12 months. 

• Do antibody isotypes induced conform to that expected of a 

successful vaccine. 

 

This investigation, planned to be completed in 24 months, will be divided into 

three Studies:  

• The first study will compare immunogen levels, quantitate the kinetics 

of corynetoxin antibody production and decline following different 

schedules of primary (V1), first booster (V2) and second booster (V3) 

injections, determine the character of induced antibodies and 

establish the best memory response following re-vaccination after 12 

months. 

• The second study will determine, using a selected immunogen level 

and vaccination schedule determined in the first study, the effect of 

the immunogen formulated into a vaccine dose volume of 1 ml. The 

second study will also determine the kinetics and character of the 

antibody response, especially after the 12 month re-vaccination, using 

a V1 – V2 protocol only, i.e., leaving out the V3 from the most 

successful protocol determined in the first study. 

• The third study will establish the stability of the vaccines stored for 6 

months and for 12 months.   

 

The vaccination protocol that has the best “industry-friendly” antibody titre 

characteristics can then be used in future challenge studies to prove efficacy 

under pen and field conditions. 
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2 STUDY DESIGN AND RESEARCH STAFF 

2.1 Study Personnel and Locations 

2.1.1 Study Personnel 

Table 1 Study Personnel 

Name Responsibilities 
Steven Colegate  Initial Project Leader and interaction 

with funding body and Industry 
groups.  Dr Colegate ceased with 
CSIRO on 30 June 2008. 

Neil Anderton Neil is the team’s chemist and was 
responsible for the preparation of the 
hapten and conjugate, and 
determination of the vaccine’s 
physical and chemical stability 
characteristics. 

Yu Cao 
Agnieszka Michalewicz 

Both Yu and Agnieszka are expert in 
the application of the corynetoxin 
ELISA and RIA and were responsible 
for preparing and assessing the sera 
for corynetoxin antibodies and 
isotyping the antibodies. This was 
very labour intensive due to the 
number of sera collected. 

Peter McWaters Peter advised on the immunological 
aspects of the project  

Phil Stewart Phil was the team’s biochemical 
toxicologist.  He supervised the initial 
vaccine preparation and vaccinations. 

Mark Ford Veterinarian: final arbiter on sheep 
health decisions and clinical 
assessments.  Appointed as Project 
Leader in June 2008. 

Sandy Matheson Werribee Animal Facility manager.  
The team is indebted to Sandy’s skill 
at coordinating all aspects of the 
sheep work in the study. 

Noel Collins, Chris Darcy In addition to Sandy, Noel and Chris 
were responsible for the sheep work 
at Werribee, including the large 
number of blood collections required. 
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2.1.2 Study Locations 

2.1.2.1 Animal Facility 

CSIRO Livestock Industries 

Werribee Animal Facility (WAF) 

6 South Rd 

Werribee 

VIC, 3030 

2.1.2.2 Laboratory 

CSIRO Livestock Industries 

Australian Animal Health Laboratory 

5 Portarlington Rd 

Geelong 

VIC, 3220 

2.2 Basic Study Design 

2.2.1 Study Design Structure – 3 Studies 

2.2.1.1 Study 1 

• 3 vaccine doses, 5 vaccination regimes – 13 groups of 10 sheep each 

• Vaccine doses:  0.25, 0.5, 1.0 mg/2mL dose 

• Sheep received 3 vaccinations plus an annual booster, across 5 

vaccination regimes.   

 

Group 9, a “gold standard” group was included which mimics the dose and 

regime that was used in the earlier successful challenge trials with this 

vaccine. 

 

The objectives Study 1 was designed to achieve are: 

• The optimum time for giving the booster injection of the ARGT vaccine 

after the first injection.  Timing the second injection for just after the 

peak of antibody titre following the primary injection is expected to 

result in the best boost to corynetoxin antibody levels. 
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• The optimum concentration of immunogenic conjugate required to 

stimulate the highest and most stable (persistent) level of corynetoxin 

antibodies i.e., the kinetics of the antibody production 

• In association with Study 2, which of two volumes of vaccine 

formulation produces the better antibody titre kinetics and the best 

memory effect after 12 months 

• Which antibody isotypes are produced? 

2.2.1.2 Study 2 

• Vaccine volume and booster requirements – 2 groups of 10 sheep 

each 

• Vaccine dose of 0.25mg/1mL (compared with a 2mL volume 

previously used) 

• 2 vs. 3 injection regime 

 

The objectives this Study was designed to achieve are: 

• Whether a secondary booster injection is required  

• Which of two volumes of vaccine formulation produces the better 

antibody titre kinetics and the best memory effect after 12 months 

• Which antibody isotypes are produced? 

2.2.1.3 Study 3 

• Stability of the vaccine stored for 6 and 12 months (6 groups of 10 

sheep each) 

• Vaccine doses of 0.25, 0.5, 1.0 mg/2mL dose 

• Vaccines stored at 4oC for 6 and 12 months prior to vaccinations 

commencing 

 

The objective this study was designed to achieve is: 

• Do the 3 immunogenic conjugate levels retain their activity when 

stored for 6 months and 12 months? 
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2.2.2 Animal Management 

2.2.2.1 Source of sheep 

Merino sheep (wethers) were sourced from a farm in Newstead, near 

Castlemaine, Victoria. They were acquired when approximately 9 months old 

and maintained on paddocks at the WAF until their participation in the study 

commenced at between 12 and 15 months of age. 

 

Prior to commencement of the studies, sheep husbandry was in accord with 

normal industry practice (Table 2). 

 

Table 2 Sheep Husbandry Timetable 

Study Date Procedure 

Study 1 

130 sheep 

April – May 

2006 
Born 

  

All vaccinated with 2 doses of Clostridial (5 

in 1) vaccine on farm,  with normal drenching 

and castration husbandry 

 Jan 2007 Arrived at CSIRO WAF 

 21.2.07 5 in 1 vaccine 

 23.2.07 Intestinal parasite drench 

 19.4.07 Jetted for fly protection 

 15.8.07 5 in 1 vaccine 

 10.3.08 Lice treatment 

 14.6.08 Vitamin A,D,E injection (routine) 

 6.8.08 Intestinal parasite drench 
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Study Date Procedure 

Study 2, 3a 

50 sheep 

July – August 

2006 
Born 

  

All vaccinated with 2 doses of Clostridial (5 

in 1) vaccine on farm,  with normal drenching 

and castration husbandry 

 May 2007 Arrived at CSIRO WAF 

 22.10.2007 Intestinal parasite drench 

 5.12.2007 Jetted for fly protection 

 19.2.2008 5 in 1 vaccine 

 14.5.2008 Vitamin A,D,E injection (routine) 

 4.6.2008 Lice treatment 

 6.8.2008 Intestinal parasite drench 

Study 3b 

30 sheep 

April – May 

2007  
Born 

  

All vaccinated with 2 doses of Clostridial (5 

in 1) vaccine on farm,  with normal drenching 

and castration husbandry 

 Jan 2008 Arrived at CSIRO WAF 

 14.4.08 Intestinal parasite drench 

 6.8.2008 Intestinal parasite drench 

 9.9.2008 5 in 1 vaccine 

 

2.2.2.2 Identification 

Sheep were identified with an ear tag in each ear.  The tag in the left ear was 

used as the main identification, with the right ear tag providing cross reference 

if required. 
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2.2.2.3 Housing and Feeding 

Sheep were paddock housed on pasture at the CSIRO Werribee Animal 

Facility.  Due to the low rainfall conditions over the duration of the study, 

supplementary feeding formed the majority of their feed.  Supplementary 

rations consisted of sheep pellets, lucerne hay, oaten hay, pasture hay, grass 

silage and the grazing of young oat crops, depending on availability, price and 

sheep condition.  Sheep remained in good body condition for the duration of 

the trial, which is a credit to the farm manager at Werribee. 

2.2.2.4 Grouping 

Sheep grouping was based upon their bodyweights. This was a semi-random 

approach with the aim of ensuring that the group mean bodyweights were 

very similar i.e., that no one group accidentally included a greater proportion 

of the heavier (or lighter) animals, for example. 

2.2.2.5 Animal Ethics considerations: 

All facets of the animal research were approved by the CSIRO AAHL Animal 

Ethics Committee.  This included acceptance of the Experimental Protocol, all 

annual reviews and modifications. 

 The approved protocol is included in Section 5.1. 

2.2.2.6 Animal Health 

In general the sheep remained in excellent health throughout the trial.  Two 

sheep were euthanased and one was found dead throughout the trial.  Each 

of these causes of death appeared unrelated to the administration of 

experimental vaccine.  Necropsy reports for each of these cases can be found 

in Section 5.3.  

2.2.3 Vaccine 

2.2.3.1 Preparation 

Vaccine was prepared in the Geelong laboratory as per the Standard 

Operating Procedure (SOP) in Section 5.2.1. 
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2.2.3.2 Administration 

Vaccines were delivered subcutaneously alternating in either the left or right 

sides of the neck.  An 18 gauge needle attached to a 3mL syringe was used 

for the delivery.  At all times a member of the Study Personnel was present to 

direct the correct administration of vaccine to the correct study group. 

2.2.4 Analysis of Study Results 

Studies were first broken down to their constituent parts (eg. Study 1 groups 

only receiving 0.25mg/2mL, Study 3 0.25mg/2mL fresh vs. 6 months storage 

vs. 12 months storage).  Groups were compared using the GraphPad Prism® 

analysis software.  Group Means with error bars representing the standard 

error were used initially to point towards groups that may have significant 

differences.  Further comparisons were generally made using the Kruskal-

Wallis test followed by a Dunn’s Multiple Comparison Test to further elucidate 

any potential significant results seen with the initial test.  The Kruskal-Wallis 

test is a non-parametric test which is suitable for the comparison of multiple 

groups.  This test uses group medians in formulating its results.  Scatter within 

groups was analysed using Standard Deviation, Standard Error of the Mean 

and/or the Coefficient of Variation. 

2.2.5 Laboratory and Clinical Standards 

2.2.5.1 Staff training 

In most instances, project staff had existing expertise that was applied to the 

project eg. chemistry, animal handling skills and toxicology. In cases where 

researchers were given tasks outside of their normal expertise, “in-house” 

training was conducted to the satisfaction of the Project Leader that enabled 

those staff to reliably and competently perform the new duties under 

supervision. 

2.2.5.2 Calibration: 

Calibration of laboratory equipment such as pipettes was completed in-house 

at the AAHL. 
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2.2.5.3 Standard Operating Procedures: 

Standard Operating Procedures can be found in Section 5.2.  

2.2.5.4 Record Keeping 

Procedural steps, observations (eg. injection site reactions), results (eg ELISA 

records) were all recorded on paper or electronically. Hard copy records were 

stored in AAHL lab books kept within the research areas at the AAHL. Most of 

the hard copies were subsequently electronically scanned or the data 

manually transferred into electronic spreadsheets. 

All electronic records are to be stored in the CSIRO AAHL TRIM Records 

Management system (product of TOWER Software). 

2.2.5.5 ELISA 

All ELISA’s were performed by Yu Cao and Agnieszka Michalewicz.  The 

SOP’s for the corynetoxin antibody ELISA and the antibody isotyping ELISA 

are found in Section 5.2. 

2.2.6 Disposal of Study Materials 

Sheep from the study were disposed of by high temperature rendering. 
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3 Trial Studies 

3.1 Study 1 

3.1.1 Experimental Design 

• 3 vaccine doses, 5 vaccination regimes – 13 groups of 10 sheep 

• Vaccine doses:  0.25, 0.5, 1.0 mg/2mL dose 

• Sheep received 3 vaccinations plus an annual booster, across 5 

vaccination regimes. 

• Regime 1:  Vaccines at 0, 2, 12 and 52 weeks.  

• Regime 2:  Vaccines at 0, 4, 12 and 52 weeks. 

• Regime 3:  Vaccines at 0, 6, 12 and 52 weeks. 

• Regime 4:  Vaccines at 0, 8, 12 and 52 weeks 

• Regime 5:  Group 9, a “gold standard” group was included which 

mimics the dose and regime that was used in the earlier successful 

challenge trials with this vaccine – vaccines at 0,9,24 and 52 weeks. 
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Table 3 Trial Design for Study 1 

Group 

# 

Regime 

# 

Vaccine 

dose 

 

(mg/2mL 

dose) 

1st 

vaccine 

 

(week) 

2nd 

vaccine 

 

(week) 

3rd 

vaccine 

 

(week) 

Annual 

vaccine 

 

(week) 

1 1 0.25 0 2 12 52 
2 2 0.25 0 4 12 52 
3 3 0.25 0 6 12 52 

4 4 0.25 0 8 12 52 
5 1 0.5 0 2 12 52 
6 2 0.5 0 4 12 52 

7 3 0.5 0 6 12 52 
8 4 0.5 0 8 12 52 

9  Gold 
Standard 

0.5 0 9 24 52 

10 1 1.0 0 2 12 52 
11 2 1.0 0 4 12 52 

12 3 1.0 0 6 12 52 
13 4 1.0 0 8 12 52 

3.1.2 Results 

In Study 1 (as well as Studies 2 and 3) all groups tested produced a 

measurable corynetoxin antibody response which was significantly above 

baseline levels.  This in itself is a good result for the vaccine.  In the 1997 

challenge study, where 9 out of 10 sheep survived a corynetoxin challenge, 

our estimate is that sheep that survived the challenge had antibody titres of 

around 300 at 3 – 5 weeks after their 3rd vaccination.  These sheep had been 

vaccinated with the “gold standard” regime of 0, 9 and 24 weeks.  They were 

challenged with corynetoxin slurry 2 weeks after the 24 week vaccination.  

The historical serum samples we have date from 1 week after this challenge 

(3 weeks after the 3rd vaccination).  These antibody titres may provide some 

degree of comparison with the current study, in terms of magnitude of 

antibody response.  Figure 1 shows a comparison of the 1997 results with the 

equivalent dose regime and time point in the current study.  It must be 
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remembered that the 2009 data does not include a challenge, so care must be 

made with the comparison.  It appears clear, however, that the titres obtained 

in the current study are at least as high and most likely higher, then those 

seen in the 1997 study. 
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Figure 1.  Comparison of antibody titre magnitude.  2009 comparison (Group 9) vs. the 

1997 challenge study group.  Dotted bars represent the mean antibody titre for the 

1997 test group, with an overall mean titre value o f 252.  Solid bars represent the same 

for the 2009 comparison, with an overall mean titre  of 752. 

3.1.2.1 The optimum time for giving the booster inj ection of the 

ARGT vaccine after the first injection.  

Immunologically it is accepted dogma that timing the second injection for just 

after the peak of antibody titre following the primary injection is expected to 

result in the best boost to antibody levels.  The group mean antibody titres for 

regime 1 (vaccines at 0, 2, 12 weeks) are shown in Figure 2.  It is obvious that 

by 2 weeks after the initial vaccine antibody levels have not peaked.  Figure 3 

shows the group mean antibody titres for regime 4.  This perhaps allows a 

better perspective as to the antibody kinetics after the first vaccination.  

Antibody titres appear to reach a maximum by 5 – 6 weeks after the first 

vaccination. Based on this, regimes 3 and 4 seem the more immunologically 
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sound choice for a vaccination program.  Regimes 3 and 4 (Figures 4 and 3) 

display an observed boost to antibody levels following the second vaccination.  

Using this reasoning regime 2 would not seem the rational choice either, 

where antibody levels are only approaching their peak by week 4 after 

vaccination, as Figure 5 displays. 

 

The dose of vaccine (0.25mg/2mL, 0.5mg/2mL and 1.0mg/2mL) does not 

appear to influence when this peak occurs.  Changing the vaccine volume to 

1mL, as occurs in Study 2, does not appear to alter these antibody kinetics.  

This is discussed further in 3.2.  
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Figure 2. Antibody kinetics for regime 1.  Vaccines  were given at 0, 2 and 12 weeks of 

age.  Error bars are +/- SEM.  Titres are only just  rising by the time of the first boost at 2 

weeks. 
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Figure 3. Antibody kinetics for regime 4.  Vaccines  were given at 0, 8 and 12 weeks.  

Antibody kinetics following the first vaccination s hows an apparent maximal titre by 5-

6 weeks after vaccination. 
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Figure 4. Antibody kinetics for regime 3.  Vaccines  were given at 0, 6 and 12 weeks.  

Error bars are +/- SEM. Vaccines were given at 0, 6  and 12 weeks.  A number of groups 

seemed to have just reached their peak by 6 weeks.  
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Figure 5. Antibody kinetics for regime 2.  Vaccines  were given at 0, 4 and 12 weeks.  

Error bars are +/- SEM.  Group 2 appears to be reac hing a maximal antibody titre to the 

first vaccination by approx. 4 weeks. 

The distance between the first booster injection and the second booster 

injection should also be considered.  With a first booster at 8 weeks (Fig. 3), 

antibody titres appear to have peaked and be just on the decline by the time 

of the second booster injection at 12 weeks.  From an immunological point of 

view this is a good profile.  With a first booster at 6 weeks (Fig. 4) it appears 

that titres have peaked and have been decreasing for nearly a month before 

the 12 week boost.  While the means of regime 4 appear to get a bigger boost 

from the 12 wk vaccination compared to regime 3, this is not however seen 

when medians are compared. 

 

Immunologically regime 4 appears to be reasonable to recommend.  Regime 

3 appears nearly as sound from an immunological point of view. 

 

Is it wise to discount regimes 1 and 2 purely based on this immunological 

dogma?  There would have to be some other justification in order to 

recommend regime 1 or 2, in particular regime 1.  The range of antibody titres 

within a group, the actual level of measured antibody and the regime’s 
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response to an annual vaccination could all be factors important in this 

decision.  These will be looked at in following sections. 

3.1.2.2 The optimum concentration of immunogenic co njugate 

required to stimulate the highest and most stable 

(persistent) level of corynetoxin antibodies i.e., the kinetics 

of the antibody production 

Section 3.1.2.1 concluded that regimes 3 and 4 are probably the best places 

to start in terms of regimes.  Figure 6 shows the first 30 weeks of monitoring 

for the 3 vaccine doses tested in regime 3. 
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Figure 6.  Group Mean Antibody titres for regime 3.   Error bars are +/- SEM.  Group 9 is 

included for comparison.  ‘a’ denotes group 7 mean differs from groups 3 and 12, 

P<0.05.  ‘b’ denotes means do not differ, P>0.05. ‘ c’ denotes group 7 mean differs from 

12, P<0.05.  ‘d’ denotes means appear to differ, bu t further statistical tests unable to 

elucidate which groups differ.   

The 0.5mg/2mL dose group appears to perform the best using this regime.  

There is some suggestion that this dose has performed significantly better up 

until the second vaccination.  After the second and third vaccinations it seems 

to perform significantly better, with titres continually being better than the 

1.0mg/2mL dose to the 28 week mark.  Statistical analysis has not been 
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applied to every week.  Significant or suspected interesting time points were 

chosen for analysis.  An important consideration is the variability in antibody 

responses within a group.  If the Coefficient of Variation (%CV) is used to try 

to quantify the scatter of titres between groups, there appears little difference 

between dose groups.  Mean %CV were 85, 87 and 100 for groups 3, 7 and 9 

respectively, across the 30 week period examined. The %CV gives us an idea 

as to the scatter as a proportion of the mean.  The mean SD figures for the 

0.5mg/2mL dose are 2 to 3 times higher than for the other dose groups.  This 

appears a consistent pattern across the treatment groups for those vaccines 

groups that appear to produce superior mean/median antibody titres.  It may 

just be a function of individual sheep variation to vaccines.  ie. A sheep 

destined to respond poorly to a vaccine may continue to struggle even with a 

perhaps superior dose/formulation of vaccine, whereas those sheep who 

respond better to the vaccine will respond more readily to a superior dose of 

vaccine.  

 

Figure 7 shows the first 30 weeks of monitoring for the 3 vaccine doses of 

regime 4.  Using this regime the 0.25mg/2mL dose group at first glance 

seems to provide good results.  The scatter among antibody responses from 

this dose group however is quite large, certainly overlapping all other groups 

when SD is compared.  The overall SD for the first 30 weeks is between 5 and 

10 times higher for the 0.25mg/2mL dose group than the other dose groups in 

this regime.  The %CV is similar for groups 8, 9 and 13 while for group 4 it is 

25% larger.   There is some statistical significance to the higher results from 

the 0.25mg/2mL dose group; however in the main it would be hard to 

conclude a significant difference between the 0.25 and 0.5mg/2mL dose 

groups, at least.  Comparing the group medians, as in Figure 8, provides 

another perspective, removing the large peaks seen with the means.  Within 

the group of 10 sheep in group 4, there were 2 sheep, 1 in particular, that 

produced antibodies at levels 5 – 10 times that of other reasonable 

responders.  This does skew the mean results; however the statistical 

analysis used is based on the group medians so these large results are 

accounted for. 
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Figure 7.  Group Mean Antibody titres for regime 4.   Error bars are +/- SEM.  Group 9 is 

included for comparison.  ‘a’ denotes no significan ce between groups 8 and 9.  ‘b’ 

denotes means do not differ, P>0.05. ‘c’ denotes me ans of groups 4 and 8 differ, 

P<0.05.  ‘d’ denotes means of groups 4 and 13 diffe r, P<0.05 

 

-1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
0

50 0

10 00

15 00

20 00

25 00

30 00

35 00

40 00

Group 4 - 0.25mg/2mL

Group 8 - 0.5mg/2mL

Group 13 - 1.0mg/2mL

Group 9 - 0.5mg/2mL

Week

G
ro

up
 M

e
di

an
 A

nt
ib

od
y 

T
itr

e

 
Figure 8.  Group medians for regime 4.  Group 9 is included for comparison. 
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Figure 9.  Group mean antibody titres for regime 1.   Error bars are +/- SEM.  Group 9 is 

included for comparison. 
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Figure 10.  Group mean antibody titres for regime 2 .  Error bars are +/- SEM.  Group 9 is 

included for comparison.  ‘a’ denotes no significan ce between groups at week 16, 

P>0.05.  
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Figure 9 shows group means for regime 1.  There appears a trend towards 

group 5 (0.5mg/2mL) providing best results with this regime.  Certainly there is 

no statistical significance to the trend.  All dose groups performed similarly 

with this regime.  All groups performed similarly with regime 2 (Figure 10), 

with a trend towards group 2 being the best with this regime.  No statistical 

significance was detected between groups 2, 6 and 11.  

 

 Memory effect after the annual vaccination 

All groups produced a significant antibody response when vaccinated at 52 

weeks after the first vaccination.  In general, responses were at least 

equivalent to those obtained with the gold standard regime.  Antibody titres 

generated after the annual vaccination were in general higher than those 

generated after the primary vaccination and the responses occurred quicker 

than with the primary vaccination, allowing us to conclude that there was a 

significant memory effect to the antibody responses.  Maximal titres to the 

annual vaccination were obtained after only two to three weeks.  After the 

primary vaccination (0 weeks) maximal titres were obtained after 4-7 weeks.  

The rate of decline of titres following the annual vaccination appears similar to 

that obtained after the primary vaccination.  Due to the study design all sheep 

that received a primary vaccination received a second vaccine by week 9, 

which means a full picture of decline following 1 vaccination is hard to obtain.  

Figure 11 shows the results of an annual vaccination with sheep vaccinated 

with regime 1.  There were no significant differences in group mean titres with 

this regime.  Similar results were obtained with regime 2 (Figure 12). 

 

For regime 3 (Figure 13), the 0.5mg/2mL group 7 seems to respond better in 

terms of antibody production after the annual vaccination.  This is generally a 

trend.  Means of group 7 were not statistically different from those of the gold 

standard group and only marginally better than the 0.25mg/2mL group 3 at 1 

time point.  At a number of time points it stimulated antibody levels statistically 

higher than those from group 12 (1.0mg/2mL).  

 

The better profile observed after annual vaccination with group 4 using regime 

4 is a trend only (Figure 14).  No statistical significance was detected.  P 
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values were between 0.06 and 0.07 for weeks 2, 4, 6 and 8, suggesting that 

the difference between means was close to being statistically significant. 

 

Other than trends to the 0.5mg/2mL dose group with regime 3 and the 

0.25mg/2mL dose group with regime 4, all groups appear to have performed 

similarly at the annual vaccination.  Titres stimulated were at least equivalent 

to those titres that were present in sheep that survived challenge in the 1997 

study.  As such, there is no information in the annual vaccination results that 

detracts from regimes and doses that performed well in the initial three 

vaccination course.   
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Figure 11.  Regime 1 antibody kinetics after annual  vaccination at 52 weeks.  Error bars 

are +/- SEM.  Group 9 is included for comparison. 
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Figure 12.  Regime 2 antibody kinetics after annual  vaccination at 52 weeks.  Error bars 

are +/- SEM.  Group 9 is included for comparison.  'a' denotes group means do not 

differ at week 2, P>0.05. 
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Figure 13.  Regime 3 antibody kinetics after annual  vaccination at 52 weeks.  Error bars 

are +/- SEM.  Group 9 is included for comparison.  ‘a’ denotes group means differ 

between groups 7 and 12, P<0.05.  ‘b’ denotes signi ficant differences between groups 7 

and 3, P<0.05  
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Figure 14.  Regime 4 antibody kinetics after annual  vaccination at 52 weeks.  Error bars 

are +/- SEM.  Group 9 is included for comparison.  ‘a’ denotes statistical analysis was 

carried out on these time points and no significanc e was detected, P>0.05.  

3.1.2.3 Antibody isotypes induced 

The corynetoxin antibody ELISA will detect both Immunoglobulin A (IgA) and 

Immunoglobulin M (IgM) antibodies stimulated by the vaccine.  IgM antibodies 

are typically the first induced to a vaccine, usually reaching a peak and 

returning to baseline levels within approximately three weeks of vaccination.  

IgG antibodies are slower to induce after initial vaccination, but are desirable 

in a vaccine response as they are thought to be responsible for the long-

lasting effects of vaccination (the memory response) and have a high affinity 

for their antigen.   The antibody kinetics displayed in the results of this trial 

suggests that the antibody isotypes induced follow this classic pattern, with 

antibody titres generally rising after 3 – 4 weeks.  In addition, selected groups 

were chosen to confirm these antibody isotypes with an antibody isotype 

ELISA.  These isotype-specific ELISA results confirmed that, at critical time 

points after vaccination, IgG isotypes were present (Figure 15) and that, as 

expected, induced IgM antibodies were only present for two to three weeks 

after the primary vaccinations (data not shown).  Figure 15 gives a broad 
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overview of the IgG isotypes induced.  The red lines represent the normal 

group mean antibody titres.  The green lines represent IgG1 and 2 ELISA 

results.  These 2 ELISA’s are not calibrated to each other, so please disregard 

the actual titre values.  What is important is that the IgG1/2 kinetics is similar 

to the group mean antibody kinetics.  This, combined with the time course of 

induction of the corynetoxin antibody titres leads us to conclude that antibody 

isotypes induced by the vaccine follow the desirable profile described above. 
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Figure 15.  Isotype specific IgG1/2 kinetics compar ed to the standard ELISA antibody 

kinetics.  Studies 1 and 2 are represented.  Each l ine represents a group mean. V1 

represents the first vaccine, V2 represents the fir st booster, V3 represents the second 

booster, V4 represents the annual vaccination. 
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3.2 Study 2 

3.2.1 Experimental Design 

• Vaccine volume and booster requirements – 2 groups of 10 sheep 

each 

• Vaccine dose of 0.25mg/1mL (compared with a 2mL volume 

previously used) 

• 2 vs. 3 injection regime 

 

Table 4 Trial Design for Study 2 

Group # 1st 

vaccination 

(week) 

2nd 

vaccination 

(week) 

3rd 

vaccination 

(week) 

Annual 

vaccination  

(week) 

14 0 9 24 52 

15 0 9 - 52 

3.2.2 Results 

3.2.2.1 Which of two volumes of vaccine formulation  produces the 

better antibody titre kinetics and the best memory effect 

after 12 months? 

A vaccine volume of 1mL appears to produce results similar to a 2mL vaccine 

volume in terms of antibody levels stimulated and the kinetics of the response 

(Figure 15).  The 1mL vaccine volume also produced a similar memory 

response after annual vaccination (Figure 16). 
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Figure 16.  Study 2.  Comparison of 1mL (groups 14,  15) vs. 2mL (group 9) vaccine 

volume.  Groups 14 and 9 were vaccinated at 0, 9 an d 24 weeks.  Group 15 was 

vaccinated at 0 and 9 weeks.   
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Figure 17.  Study 2 responses to annual vaccination  at 52 weeks.  Error bars are +/- 

SEM.  Statistical analysis on weeks 1 – 6 found mea ns did not differ, P>0.05.  
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3.2.2.2 Whether a secondary booster injection is re quired 

In terms of the memory response to an annual vaccination, results were 

similar when an initial 2 vaccine regime was compared to a 3 vaccine regime 

(Figure 16).  This is important as one of the concerns of a 2 vs. 3 vaccine 

regime is that the 2 vaccine regime may not be able to produce similar 

memory antibody response after an annual vaccination. Our results show that 

this is not the case.  

 

In terms of antibody titres achieved and the kinetics of production, the 2 

vaccine regime appears promising.  Further suitability of a 2 vs. 3 regime 

would be determined with challenge trials. 

3.2.2.3 Which antibody isotypes are produced? Does the IgG get 

re-induced after 12 months or is it a re-induction of IgM 

mainly? 

Antibody isotypes induced with both the 1mL vaccine volume and the 2 

vaccine regime appear similar to those described in 3.1.2.3.  They follow the 

classical IgG response, both at the initial vaccine regime and at the annual 

vaccination time point. 

3.3 Study 3 

3.3.1 Experimental Design 

• Investigate the stability of the vaccines stored for 6 and 12 months (6 

groups of 10 sheep each) 

• Vaccine doses of 0.25, 0.5, 1.0 mg/2mL dose 

• Vaccines stored at 4oC for 6 and 12 months prior to vaccinations 

commencing 
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Table 5 Trial Design for Study 3 

Group # Length of 

vaccine 

storage 

 

(months) 

Vaccine 

dose 

 

(mg/2mL 

dose 

1st 

vaccination  

 

 

(week) 

2nd 

vaccination  

 

 

(week) 

3rd 

vaccination  

 

 

(week) 

16 6 0.25 0 8 12 

17 6 0.5 0 8 12 

18 6 1.0 0 8 12 

19 12 0.25 0 8 12 

20 12 0.5 0 8 12 

21 12 1.0 0 8 12 

3.3.2 Results 

3.3.2.1 Do the 3 immunogenic conjugate levels retai n their activity 

when stored for 6 months and 12 months? 

0.25mg/2mL vaccine dose (Figure 17) 

This dose of vaccine appears to have maintained its antibody generating 

activity with both 6 and 12 months of storage at 40C.  First glance at the 

graphical data appears as if there has been a decrease in antibody generating 

activity with storage of this dose, but once the Standard Error is calculated it 

becomes obvious that any difference is not significant.  Kruskal Wallis 

statistical analysis on suspected interesting time points (based on standard 

errors not overlapping) suggests there is a low probability that any variation is 

due to any drop in vaccine potency with time in storage. 

 

0.5mg/2mL and 1.0mg/2mL vaccine doses (Figures 18 and 19) 

These doses of vaccine have maintained their abilities to elicit a corynetoxin 

antibody response with 6 and 12 months of 40C storage. 

At several of the time points the stored vaccine (particularly the 6 months 

stored vaccine) has produced higher antibody levels compared to the fresh 
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vaccine.  In many cases these higher values are statistically higher.  We can 

only postulate as to why this may be the case.  Biological variation between 

different generations and mobs of sheep is the main reason why a result such 

as this is possible.  The objective of including these groups of sheep was to 

test whether these doses of vaccine retain their activity after 6 and 12 months 

of storage.  We can conclude that they have retained their activity.  

Importantly, after storage all vaccines were able to stimulate antibody levels to 

the level above which we believe to be protective, based on previous 

challenge studies. 
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Figure 18.  Storage stability for 0.25mg/2mL vaccin e dose.  Error bars are +/- SEM.  All 

groups received vaccinations at 0, 8 and 12 weeks.  Statistical analysis was completed 

on weeks 1, 9, 14, 15, 17, 18, 19, 20, 22.  Means w ere found not to differ, P>0.05. 
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Figure 19.  Storage stability for 0.5mg/2mL vaccine  dose.  Error bars are +/- SEM.  All 

groups received vaccinations at 0, 8 and 12 weeks.  Analysis of week 5 found group 17 

had groups means significantly higher than groups 8  and 20, P<0.05.  Analysis of week 

10 found a difference between groups 17 and 8, P<0. 05. 
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Figure 20.  Storage stability for 1.0mg/2mL vaccine  dose.  Error bars are +/- SEM.  All 

groups received vaccinations at 0, 8 and 12 weeks. 'a' denotes mean of groups 13 and 

18 differ at these weeks, P<0.05.  No difference in  groups 18 and 21 at these weeks.  
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3.4 Injection site reactions 

The vaccine was easy to inject subcutaneously with an 18 gauge needle, with 

little resistance to depression of the syringe plunger.  Sheep did not display 

any adverse reaction to the vaccine, other than would be naturally expected 

due to handling and the piercing of the skin with the needle.  There was no 

lethargy noted in the days after vaccine injection. 

Injection site swelling is to be expected with any vaccine, this is the normal 

process of generating an immune response.  The concern for a commercial 

vaccine is whether the injection site reactions persist.  Out of the 210 sheep 

vaccinated in this project, 6 sheep had small injection site reactions that 

persisted to slaughter.  The details of these reactions are shown in Table 6.  

The rate of injection site reactions to this vaccine is well within industry limits. 

 

Table 6 Injection site reactions persisting to slau ghter. 

 Study # Group # Number of 

sheep 

Size of injection 

site reaction (mm 

diameter) 

1 5 1 5 

1 9 1 10 

1 12 1 15 

2 14 1 5 

3a 18 1 20 

3b 19 1 15 
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4 Study Conclusions 

The vaccine has been robust in performance.  There seems a high degree of 

tolerance to differing doses, timing and storage of the vaccine.  All groups 

responded well to an annual vaccination.  There was little significant 

difference in antibody kinetics among the groups and titres produced were 

above what is thought to be protective based on previous successful 

challenge studies. 

4.1 Vaccine Regime 

4.1.1  Three vaccine regimes 

A second vaccination at 6 – 8 weeks followed by a third at 12 weeks appears 

the most immunologically sound choice.  At these time points antibody titres 

from the previous vaccine had recently past their peak.  These antibody 

kinetics are expected to result in the best boost to antibody levels.  This was 

observed in this study, with better second and third vaccine boosts to antibody 

levels observed with regimes 3 and 4 compared to 1 and 2.  To add weight to 

this recommendation, regime 4 was tested in Study 3, with consistent results. 

 

The gold standard regime of 0, 9 and 24 weeks performed consistently in both 

Study 1 and 2 in terms of antibody titres produced.  In terms of real world 

practicality, the gold standard regime may be difficult to manage if indeed 

protection is only obtained after the 24 week third vaccination.  An essential 

third vaccination would be impossible to give to lambs before their first ARGT 

season.  It may well be, given the reasonable titres produced with a 2 vaccine 

regime in Study 2, that protection is possible after the second vaccination at 

week 9.  The antibody kinetics of the gold standard regime seems to indicate 

that the third vaccination does not produce a boost in antibody levels above 

those of the second vaccination.  This increase over the preceding vaccines 

antibody levels is classically the reason for booster vaccines. (Providing a 

boost in antibody levels above and beyond that stimulated by the previous 

vaccine) 
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4.1.2   Two vaccine regimes 

In this project, perhaps the most important parameter measured that allows 

for a comparison between 2 and 3 vaccine regimes is the response to an 

annual vaccination.  The concern is that a 2 vaccine regime would not be 

enough to elicit a strong memory response to an annual vaccination.  This 

project found no difference in terms of antibody kinetics between a 2 and 3 

vaccine regime after the annual vaccination.  This finding, coupled with 

consistent titres obtained after the initial 2 dose regime, are positive.  They are 

enough to recommend a 2 vaccine regime be considered for future challenge 

trials.  The benefits of a 2 vs. 3 regime for the farmer are obvious.  

4.2 Vaccine Dose 

The 0.25mg dose was chosen, based on results in Study 1, for both Studies 2 

and 3.  It has performed consistently in all three studies, in particular when 

linked to regime 4 and the gold standard regime.  This consistency adds 

weight to recommending this dose for future challenge studies. 

The 0.5mg dose has also performed equally consistently across the studies 

and can also be recommended.  Given that the 0.25mg dose appears to have 

produced antibody profiles at least equal with the 0.50mg dose, there is a 

reasonable case to be made for trialling a dose lower than 0.25mg.    

While the 1.0mg dose seems to consistently trend to stimulate lower antibody 

titres, often these titres are still within the range that we believe to be 

protective against corynetoxin challenge.  When compared statistically, often 

there are no statistical differences between the 1.0mg dose and the other two 

doses.  Given the trend towards lower titres with the 1.0mg vaccine dose, it is, 

however, hard to recommend this dose over the two lower doses.  The 

trending towards lower titres perhaps should alert us that there may be some 

impediment to immunity with the higher doses.  In all likelihood this would not 

be the case.  More likely it is just biological variation that is responsible for 

these lower titres. 
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4.3 Vaccine Volume 

Our results demonstrate clearly that in terms of antibody kinetics there is no 

difference between a 1mL and a 2mL vaccine volume. 

There are certainly advantages to using a smaller vaccine volume in terms of 

decreasing the costs of production (adjuvant costs, inclusion in multi-disease 

vaccines are examples).  Farmers are however accustomed to vaccines that 

are up to 2mL in volume (many Clostridial vaccines use a 2mL volume), so 

this would not be an issue for sheep farmers. 

4.4 Vaccine Stability 

Storage of all doses of vaccine for 6 and 12 months at 40C did not reduce 

their activity.  Activity was measured in terms of corynetoxin antibody kinetics 

in comparison to the freshly prepared vaccine. 

4.5 Vaccine safety 

4.5.1 Vaccine tolerance 

The vaccine was easy to inject subcutaneously with an 18 gauge needle, with 

little resistance to depression of the syringe plunger.  Sheep did not display 

any adverse reaction to the vaccine, other than would be naturally expected 

due to handling and the piercing of the skin with the needle.  There was no 

lethargy noted in the days after vaccine injection. 

4.5.2 Injection site reactions 

The rate of injection site reactions to the vaccine was low and certainly well 

within the acceptable limit required of a commercial vaccine.  The accepted 

cut-off point for the rate of injection site reactions seems to be 5%.  Out of the 

210 sheep vaccinated in the study, less than 3% injection site reactions 

persisting to slaughter.  Persisting injection site reactions were very minor in 

nature and would have had no clinical effect on the health of the sheep. 
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4.6 Antibody kinetics 

As expected for outbred animals, there was significant variability within a 

group of sheep in terms of the magnitude of the measured corynetoxin 

antibody response.  In general terms, however, the vast majority of sheep 

vaccinated in this study produced antibody levels that would be expected to 

be protective against a corynetoxin challenge.  A degree of biological variation 

is to be accepted with any vaccine. 

The pattern of induced antibody levels appears consistent with what is seen 

with other commercial vaccines.  The stimulated antibodies appear 

predominantly IgG in nature. 

4.7 Recommendations 

The vaccine was well tolerated by the sheep, with injection site reactions well 

within industry standards.  The vaccines appear stable for at least 12 months 

at 40C. 

For future challenge studies we recommend that: 

• 0.25mg/1mL be included as the vaccine dose 

• Regime 4 be used, with vaccines at 0, 8 and 12 weeks 

• A 2 vaccination regime is included in the studies. 

There appears sufficient flexibility in the results obtained that a first boost 

between 6 and 9 weeks appears feasible.  The 0.5mg vaccine dose has 

performed similarly to the 0.25mg vaccine dose.  
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5 Appendices 

5.1 CSIRO AAHL Animal Ethics Committee Protocol 
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5.2 Standard Operating Procedures 

5.2.1 Vaccine Preparation 
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5.2.2 Corynetoxin Antibody ELISA 

 



 

  54 

 

 



 

  55 

 

 



 

  56 

 



 

  57 

 

 



 

  58 

 



 

  59 

 



 

  60 

5.2.3 Antibody Isotyping ELISA 
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5.3 Necropsy reports 
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