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Fig. 9: Optimal dilution for monoclonal antibody 23 was determined to be 1: 2,000 by
checkerboard assay. Black dashed line highlights the 1:2,000 dilution. The indicator

starting dilution was 1:250 in column 1 and diluted two fold to 1:512,000 in column 12.

2.3.4.2 FULL CURVE ANALYSIS OF REFERENCE

Reference material must be representative of the samples that will be analyzed in
the ELISA. Since in-process samples are cultures of C. perfringens type C, a
representative lot was chosen as the reference. The reference material is used to generate
a standard curve for determining fermentation yields. To establish the linear range of the
reference, a full curve analysis containing both the upper asymptote and lower asymptote
was performed. For this purpose, C. perfringens type C toxoid bulk antigen lot 166263
was selected as the reference material. Full curve was achieved by starting the bulk
material at a 1:2 dilution (diluted in 1% casein sodium in PBST) on the plate and serially

diluted three-fold from columns 1 through 12 and ran in triplicate (Fig. 10).
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Fig. 10: The linear portion of the reference material was established by full curve analysis
using dilution 1:54 through 1:4,374 (boxed area). Data is representative of mean OD
(OD4gs - ODa4gy) for each dilution completed in triplicate. The starting dilution of

reference was 1:2 with three fold dilutions across the plate.

The reference was given an arbitrary stock concentration of 8,040 relative units
per mL (RU/mL), which was based off the L+ value of the bulk antigen. The first point
of the linear region was a 1:54 dilution; this established the starting dilution of the
reference for the in-process ELISA. With a reference stock concentration of 8,040
RU/mL, the starting dilution of the reference at 1:54 would be 148.89 RU/mL. Aftera
reference has been determined and assigned a stock concentration value, the next step
was to establish a positive control to be used in the ELISA. The positive control ensures

that the reagents have not changed or degraded from assay to assay.
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2.3.4.3 SELECTING A POSITIVE CONTROL

A positive control for an ELISA assay establishes the repeatability of the assay
and stability of the reagents. The positive control should be representative of the samples
that will be analyzed in the assay and similar to the reference material, but from a
different lot. C. perfringens type C toxoid bulk antigen lot 183502 was selected as the
positive control. The positive control and the reference must be linear to each other as
determined by calculating the slope ratio. The slope ratio is calculated by dividing the
slope of the positive control by the slope of the reference (Fig. 11). Linearity is usually

established with slope ratios within 0.8 — 1.25.
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Fig. 11: The linear equations for the reference and positive control contained similar
slopes, yielding a slope ratio of 1.01. Starting dilutions of reference (Ref.) and positive

control (PC) was 1:54.

The slope for the positive control was -0.0982 and -0.0971 for the reference
resulting in a slope ratio of 1.01, which was within the acceptable range. After the use

dilutions of the capture and indicator antibodies, and the reference and positive control
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have been established, the next step is putting them into an appropriate assay format for

assay optimization.

2.3.4.4 IN-PROCESS ELISA FOR OPTIMIZATION

The following briefly describes the method used to optimize the in-process
ELISA (as described in section 2.2.10). The polyclonal capture antibody was dispensed
onto a polystyrene 96-well plate and incubated overnight at 4°C. The next day, the plate
was blocked and incubated. During incubation the reference, positive control and test
articles were prepared for diluting onto a dilution plate. The samples from the dilution
plate were transferred to respective wells of the blocked plate and incubated. The
indicator antibody was added to the plate and then incubated. Next, the peroxidase
conjugate antibody was added to the plate and incubated. ABTS peroxidase substrate
was added to all wells on the plate. The plate was read at 405 nm minus 490 nm
targeting a > 0.8 OD for the first dilution of the reference. This targeted OD is used
during the in-process ELISA optimization; during optimization steps an OD read range is

established.

2.3.5 IN-PROCESS ASSAY OPTIMIZATION STEPS

2.3.5.1 MEAN, STANDARD DEVIATION AND COEFFICIENT OF VARIATION
To evaluate the in-process ELISA, three parameters are determined: the mean and

standard deviation (STD) of replicate samples that are used to calculate the percent

coefficient of variation (%CV). The %CYV is calculated by taking the standard deviation

divided by the mean and multiplying by 100. Low %CYV indicates less variation between
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replicates and higher precision of the assay. A <15% CV would indicate the assay
reagents are performing with acceptable consistency between replicates and in
accordance with Veterinary Services Memoranda 800.112 (United States Department of
Agriculture, 2017b). Variability can arise from any step of the assay and these can be

defined by five different methods for optimizing an assay as described below.

2.3.5.2 INTRA-ASSAY PRECISION OR REPEATABILITY

One optimization parameter is to show the in-process ELISA intra-assay
precision, which is a measure of how repeatable the assay is from plate to plate. To
assess precision and repeatability, one bulk lot was used in one sample position on the
assay plate (i.e., TO1, Fig. 1) on six different plates to achieve six replicates. The RU/mL
is calculated by individually applying a linear regression model to the reference, positive
control and test samples. If the slope ratio for the reference and positive control criteria
are met, then the relative potency of the sample is calculated based on the difference in
intercepts and common slopes of the reference and sample. The linear regression model
then calculates a RU/mL. In order to estimate the repeatability, the %CV of the RU/mL
was calculated to determine if the six replicates demonstrated a %CV < 15%.

Table 5: Intra-assay precision of the in-process ELISA.

Antigen Lot | Plate # RU/mL

1 6230

2 6307

3 7023

169196 4 6163
5 6447

6 6365

Mean RU/mL 6423

STD 311

%CV 5
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Intra-assay precision of the assay method was evaluated with bulk lot 169196 and
the RU/mL results were calculated by measuring the bulk lot against the known reference
(Table 5). The %CV of the six replicates was 5%, meeting the criteria for intra-assay

precision.

2.3.5.3 WITHIN-PLATE PRECISION

The next step in assay optimization is to assess within-plate precision, which
evaluates the variability between sample positions on a single plate using the same
sample bulk. A similar RU/mL result should be achieved regardless of which sample
position (TO1, TO2 or T03) the test article is placed on the plate. The RU/mL data from
all three samples positions on two plates were analyzed in order to estimate and calculate
the %CV for the within plate precision (Table 6).

Table 6: Within-plate precision of the in-process ELISA.

Antigen Platel | Plate2
Lot Position RU/mL

TO1 12252 12289

183502 TO02 12210 11891
T03 12699 12277

Mean RU/mL 12387 12152

STD 271 226
% CV 2 2

Within-plate precision of the assay method was evaluated with bulk lot 183502 by
testing all three sample positions on two separate plates. Testing was completed on one
day and the RU/mL was calculated by measuring the bulk lot 183592 against the known
reference. The %CV’s were less than 5% for the two plates, meeting the validation

criteria for within-plate precision < 15%.
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2.3.5.4 INTERMEDIATE PRECISION

Another optimization step for the in-process assay is to show different personnel
can achieve the same results with the same sample. Intermediate precision is established
by comparing assay results obtained from different technicians within the same
laboratory. The intermediate precision was assessed by evaluating one bulk lot at 100%
and diluted to two different concentrations. Two different analysts each performed two

replicate plates. Precision was evaluated by calculating the %CV for each preparation

(Table 7).
Table 7: Intermediate precision of the in-process ELISA.
Sample
TO1 T02 TO03
(100%) (70%) 30%)
Antigen Lot | Replicate | Technician RU/mL
| 1 6697 4289 1888
2 5863 3731 1692
169196 ) 1 6420 4448 2035
2 7074 4495 1811
Mean RU/mL 6514 4241 1857
STD 510 352 144
%CV 8 8 8

Intermediate assay precision evaluated one bulk lot at three different
concentrations which were 100%, 70% and 30%. Intermediate CV’s for RU/mL was
calculated by measuring the bulk lot 169196 against the known reference. The %CV’s

were 8%, meeting the validation criteria for intermediate precision of < 15%.

2.3.5.5 ACCURACY
After establishing intermediate precision, the next step for the in-process assay is

to assess the accuracy of the assay. Accuracy is the closeness of the assay value to the
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predicted value based on analysis of the sample to the reference. For example, a bulk lot
can be measured relative to a standard curve to obtain a value for that bulk lot. The same
sample can then be diluted and the value should be known. For instance, the accuracy of
the assay was determined by comparing the measured RU/mL to the theoretical RU/mL
of three bulk lot preparations. The measured RU/mL of the non-diluted, 100%, bulk lot
(TO1) and its two diluted preparations, 70% and 30% (T02 and T03) were compared to
their theoretical RU/mL. The calculated difference (percent of theoretical) in RU/mL
between measured and theoretical values were compared (Table 8). The difference
(percent of theoretical) in RU/mL between the measured and theoretical values for T02
and TO03 were calculated as follows;

Percent of theoretical RU/mL = 100 * (measured RU/mL =+ theoretical RU/mL)
Table 8: Comparison of measured RU/mL to theoretical RU/mL values demonstrating

accuracy of the in-process ELISA.

Antigen Lot 169196 173883 182291
T01 T02 TO03 T01 T02 TO03 T01 T02 T03
Rep Tech RU/mL

1 6697 4289 1888 8426 | 5687 | 2490 | 7976 | 4862 2234
2 5863 3731 1692 8707 | 6035 | 2514 | 9181 6122 2843
1 6420 | 4448 2035 7792 | 5358 | 2256 | 7758 5576 2195
2 7074 | 4495 1811 6649 | 5120 1905 | 9024 6151 2128
Mean RU/mL | 6514 | 4241 1857 7894 | 5550 | 2291 | 8485 5678 2350

1

Theoretical
RU/mL 4560 1954 5525 2368 5939 2545
% Theoretical 93 95 100 97 96 92

The acceptance criterion for the accuracy of an assay has been internally
established to fall within the range of 85 — 115 % theoretical. The theoretical RU/mL is
calculated by multiplying the non-diluted sample (T01) mean RU/mL result by 70% or

30% for samples T02 and TO3 respectively (Table 8). Samples T02 and T03 for each of
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the three bulk lots show the measured RU/mL relative to the calculated theoretical

RU/mL and resulted in % theoretical values within the acceptable range.

2.3.5.6 ROBUSTNESS

Determining robustness of an assay gives the operator a defined range of OD to
yield confidence in the assay output. Robustness of the assay with regard to plate reading
range was evaluated by one analyst assaying one plate per day and repeating this over
three days. Each plate was read at a range of 0.6 — 1.1 OD for the reference lot 166263
and the RU/mL data is analyzed by comparing %CV (Table 9).

The minimum and maximum read range was evaluated by one analyst. The
positive control (lot 183502) was used as the sample bulk measured for TO1, TO2 and
T03. On each of the three assay days, a single plate was read at an early (0.6) through
late (1.1) OD. The data shows that a reading range of the first reference dilution points,
1:54 dilution (wells B2 and B7 in Figure 1), from 0.6 — 1.1 OD is an acceptable range for
potency assay robustness, generating an overall average %CV of 3% across the three

assay days.



Table 9: Variation between the minimum and maximum read range values.

PC | TO1 | TO2 | TO3 Mean | Average
Day | OD* RU/mL RUmML | %CV
06 |11608] 11903 | 11311 | 11502 | 11572
07 |11622] 11795 | 11478 | 11498 | 11590
| 08 11751 11877 | 11879 | 11577 | 11778 5
09 [11825] 11890 | 11733 | 11902 | 11842
1.0 | 12135 12223 | 12054 | 11648 | 11975
1.1 12190 | 12594 | 12447 | 11931 | 12324
06 |12720] 12165 | 11448 | 13069 | 12227
07 |12637] 12477 | 11444 | 12714 | 12212
) 08 |12896| 12252 | 12210 | 12699 | 12387 ;
09 13133 12580 | 11788 | 13278 | 12549
1.0 | 13179 | 12830 | 12011 | 13429 | 12757
1.1 | 13959 | 12872 | 13100 | 13121 | 13031
06 10689 | 9966 | 10107 | 10859 | 10311
07 |10508| 10111 | 10183 | 10461 | 10252
; 08 [10575| 11135 | 10350 | 10838 | 10774 5
09 [10736] 11324 | 10993 | 11050 | 11122
1.0 | 11626 | 11487 | 11235 | 11497 | 11406
1.1 | 11713 | 11599 | 11164 | 11221 | 11328

*Average OD reading of reference first dilution points in wells B2 and B7.

2.3.5.7 ESTABLISHING POSITIVE CONTROL RANGE

a positive control range. The positive control range is another measurement used to
ensure day to day and operator to operator consistency. The assay is satisfactory when
the positive control is within the range for each assay plate assessed. Establishing the
positive control range was achieved by three different technicians running six plates on
three separate days. The standard deviation of the mean was determined and the range
was established by plus and minus two times the standard deviation of the mean. The

mean RU/mL from each of the three technicians and the positive control range was

established to be 9,556 — 13,838 RU/mL (Table 10).

48

After the other assay parameters had been optimized, the last step was to establish
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Table 10: Positive control range for the in-process ELISA was established using

mean variation between three individual runs.

Day/Tech PC lot 183502
4 Plate # | " b l/ml)
Day 1 Tech 1 1 11277
2 11161
3 11051
4 11168
5 10532
6 11956
Day 2 Tech 2 7 11599
8 12297
9 10087
10 11749
11 11908
12 11631
Day 3 Tech 3 13 11699
14 11550
15 12311
16 11096
17 15284
18 12199
Mean RU/mL 11698
Standard Deviation (STD) 1070
%CV 9
Positive Control Range
Ru /m]gj. 9,556 — 13,838

*Values determined by + two times the standard deviation of the mean.

2.3.6 EVALUATION OF ELISA COMPARED TO L+ ASSAY

Eleven bulk antigens of C. perfringens type C toxoid with known L+ values were
measured using the optimized in-process ELISA. These results were plotted to determine
the correlation between the two different assays (Fig. 12). This analysis was done to

determine if the in vitro ELISA could directly replace the mouse L+ assay as the in-
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process assay. The cumulative R” value was 0.4048 indicating low correlation of L+

values to measured RU/mL values.

11000
10000 *
9000 *
—
£ * ¢ ¢
2 8000 /
S
& 7000 7S
s / L 4
< 6000 *
5000 S
4000
4000 5000 6000 7000 8000 9000

L+ Value

Fig. 12: L+ values compared to measured RU/mL values of eleven bulk antigen lots
showed low correlation between L+ assay and in-process ELISA; R* value of 0.4048

(trend line).

2.4 DISCUSSION

Clostridial species importance is due in part to the fact that they can be found in
many environments including soil, water and mammals. While they frequently exist as
commensals, C. perfringens can be the cause of severe disease in both humans and
animals. Outbreaks of C. perfringens causing necrotic enteritis in neonates can have a
great economic impact on livestock producers. Effective vaccines have been developed
to help prevent outbreaks, but they can be expensive due to the test methods involved in
the production and release of the vaccines. Currently, the beta toxoid form is a common

immunogen used in C. perfringens type C vaccines. To determine the potency of
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production runs and facilitate blending of vaccines products, the potency test methods
involve the use of lethal mouse assays. An in vifro method for testing the beta toxoid of
C. perfringens would reduce the expense of vaccine production by eliminating or
reducing the use of laboratory animals. The data presented in this thesis details the
development of a robust and precise in-process ELISA method (below the industry
standard of 15% CV) for detecting and quantifying beta toxoid in cultures of C.
perfringens type C.

In this study, a monoclonal antibody specific to the beta toxoid from C.
perfringens type C was generated and selected for developing an in vitro in-process
ELISA assessing beta toxoid yield. This monoclonal antibody had high specificity to the
beta toxin via western blot, produced a high ELISA signal to the beta toxoid and strong
neutralizing activity with no cross reactivity to C. perfringens type A alpha toxoid. This
monoclonal antibody, and a selected polyclonal antibody, allowed for the development of
an in-process ELISA that is specific to the beta toxoid.

The development of in vitro Clostridium toxoid assays has produced a diverse
collection of protocols with varying utility. Redhead, K., et al. described a C. septicum
in-process assay using Vero cells, which are sensitive to the toxin from C. septicum, and
showed a correlation between their cell-based assay and mouse L+ test assay results.
They concluded the mouse L+ test could be replaced by their cell-based assay (Redhead
et al.,, 2011). While the cell-based assay was more accurate than the mouse L+ test and
eliminated the use of mice, this method measures toxin but cannot quantify toxoid in
production fermentation batches. In addition to cell line-based assays, ELISA methods

(i.e., sandwich, blocking, and competitive assays) have been used to develop serological
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assays for measuring the presence of anti-C. perfringens beta toxin in rabbits, pigs, cattle,
sheep and horse serum. ELISA methods have the potential to reduce the use of mice for
assessing the presence of serum antibodies in the final potency test, but does not
eliminate animal usage altogether (Krt, 1999). Another ELISA method tried to replace
the mouse neutralization test for estimating levels of beta toxin antitoxin in the sera of
immunized rabbits for final potency testing. This in vitro method uses an ELISA where a
monoclonal antibody to beta toxin is coated on the plate to capture C. perfringens beta
toxin, which then binds beta antitoxin in rabbit sera (Ebert et al., 1999). While this
method had a good correlation between in vivo and in vitro for testing sera potencies,
rabbits are still vaccinated first in order to obtain final potency results. To date, the
available assays were not designed for quantifying antigen for vaccine input. The
sandwich ELISA described in this thesis is an alternative to the current L+ test that will
potentially reduce the use of experimental animals. An ELISA would be a high through
put advantage able to test greater number of samples in a shorter period of time, more
economical and have better consistency of batch to batch vaccine assembly in
comparison to assembling vaccines based on in vivo testing. This ELISA would also
have the potential to replace the current potency testing of C. perfringens type C vaccines
as described in 113.111 of the USDA 9CFR and in monograph 363 of the EP.

The research described here has shown the development of an optimized ELISA
method for detecting and quantifying C. perfringens type C beta toxoid. However, the in
vivo L+ values were shown not to correlate with the ELISA RU/mL values. Figure 12
illustrated there was low correlation between the L+ values and the average measured

RU/mL values. Values generated by the L+ assay are not directly indicative of the
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