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Development of an enzyme-linked immunosorbent assay for detecting
Campylobacter hepaticus specific antibodies in chicken sera - a key tool
in Spotty Liver Disease screening and vaccine development
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ABSTRACT

Spotty Liver Disease (SLD) is an emerging disease of serious concern in the egg production
industry, as it causes significant egg loss and mortality in layer hens. The causative agent is a
newly identified Gram-negative bacterium, Campylobacter hepaticus, and knowledge about
C. hepaticus pathogenesis and the potential for vaccine development is still in its infancy.
Current detection methods for SLD, such as PCR and culturing, only detect an active
infection and will not give any indication of a past infection from which the bacteria have
been cleared. An immunological assay, on the other hand, can provide information on
previous infections and therefore is crucial in vaccine development against SLD. In the
present study, we have developed the first immunoassay capable of detecting C. hepaticus-
specific antibodies present in the sera of infected birds. The assay uses C. hepaticus total
protein extract (TPE) as the antigen coating on enzyme-linked immunosorbent assay (ELISA)
plates. The cross reactivity of C. hepaticus antibodies with closely related C. jejuni and C. coli
antigens was successfully overcome by pre-absorbing the sera using C. jejuni cell extracts.
The assay was validated using sera samples from both naturally- and experimentally-infected
birds, birds vaccinated with formalin-killed bacteria, and serum samples from SLD-negative
birds (control group). The optimized ELISA assay had 95.5% specificity and 97.6% sensitivity.
The immunoassay provides a useful tool for monitoring the exposure of poultry flocks to
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C. hepaticus infection and can be used to direct and support vaccine development.

HIGHLIGHTS

Highly specific (95.5%) and sensitive (97.6%) assay.

Introduction

Spotty Liver Disease (SLD) is a condition of egg-layers
often associated with a decline in egg production, egg
quality, and sometimes sudden death. Affected birds
typically have numerous white, cream, or grey spots
on the surface of the liver, representing gross necrotic
lesions (Burch, 2005; Grimes & Reece, 2011; Crawshaw
& Irvine, 2012; Scott, 2016). Although the disease was
first reported during the 1950s in the USA (Tudor,
1954), the causative organism was only recently ident-
ified as a novel campylobacter species, Campylobacter
hepaticus (Van et al, 2016). SLD outbreaks have
occurred frequently in Australia since the mid-1980s,
and the incidence of disease has increased in recent
years, coinciding with the consumer driven shift
towards free-range egg farming (Grimes & Reece,

The first immunoassay developed for Spotty Liver Disease (SLD).
A useful method for detecting C. hepaticus-specific antibodies in birds.

A key tool for use in epidemiological studies and vaccine development.

2011). SLD has recently been reported from the USA
and the UK, indicating its potential to become an
international problem within the global egg industry
(Crawshaw & Irvine, 2012; Crawshaw et al, 2015;
Gregory et al., 2018).

The methods available to date to detect C. hepaticus
from SLD cases have been limited to culture and DNA-
based approaches (Van, Gor, et al., 2017). Culturing
the bacterium from microbiologically complex
samples, such as faeces or environmental samples, is
a tedious and time-consuming task as it takes 3-7
days to grow on culture plates and culture can be chal-
lenging as a selective medium for C. hepaticus isolation
is yet to be developed (Phung et al, 2020). When
grown on nutrient agar or Brucella agar supplemented
with blood, other campylobacters routinely present in
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samples, like Campylobacter coli, Campylobacter jejuni
and many other bacteria, out-grow the plate and make
it difficult to identify C. hepaticus. Therefore, samples
of bile and liver, in which C. hepaticus is often the
only bacterium present, are the samples of choice for
culture confirmation of C. hepaticus involvement in
SLD. The culturing method is only useful if the patho-
gen is alive in the sample provided for detection.

A qPCR assay and an end-point PCR assay using pri-
mers targeting the glycerol kinase gene, one of the
unique genes present in C. hepaticus, have been success-
fully used to detect C. hepaticus from liver, gut, bile,
faeces and environmental samples (Van, Gor, et al,
2017; Phung et al, 2020). A multiplex PCR assay
employing primers for the C. jejuni-specific hippuricase
(hipO) gene and the C. coli-specific serine hydroxy-
methyltransferase (glyA) gene, along with C. hepaticus-
specific glycerol kinase gene primers, has also been
developed as a diagnostic tool to simultaneously detect
and differentiate these three pathogens in poultry and
environmental samples (Van et al, 2018).

Culturing or DNA-based approaches will not give
any indication of the exposure to C. hepaticus in
healthy or recovered birds that have cleared the bac-
teria. Serological methods of detection are potentially
capable of detecting C. hepaticus-specific antibodies
present in chicken serum produced by a previous
SLD infection or vaccination. The cross reactivity of
C. hepaticus antigens with antibodies to other common
campylobacters was anticipated to be one of the major
challenges in developing a species-specific assay.
Nearly 70% of the genes in C. hepaticus are conserved
in C. jejuni and C. coli strains (Van et al., 2019). It is
not uncommon to find C. jejuni and C. coli in flocks
since most chickens get exposed to them early in
their life and a majority harbour them as commensal
bacteria in the intestine and caecum (Lindblom et al.,
1986; Van et al, 2018). Hence, the serological assay
needs to differentiate between the presence of anti-
bodies against these closely related species and anti-
bodies to C. hepaticus.

The development of a serological diagnostic method is
also the key to understanding the nature of C. hepaticus
infection, i.e. whether the first infection can provide
immunity to SLD or if the birds remain susceptible to a
second infection during another disease outbreak (recur-
ring). Hens can recover from SLD and it is assumed that
immune responses are important. A serological diagnos-
tic method is therefore pivotal in determining the feasi-
bility of developing a vaccine against SLD.

Materials and methods
Preparation of total protein extracts (TPE)

C. hepaticus HV10 (NCBI Accession number
CP031611), C. jejuni 81116 (NCTC 11828) and

C. coli (NCTC 11366) were grown on horse blood
agar plates (Brucella broth, Oxoid, Altrincham, UK)
supplemented with 1.5% agar (Oxoid, UK) and 5%
horse blood (Equicell, Bayles, VIC, Australia) under
microaerophilic conditions using Campygen packs
(Oxoid, UK). The bacterial cells from 2—3 culture plates
were harvested in 500 pl phosphate buffer saline (PBS)
and stored at —20°C for 2 h or overnight to enhance the
cell disruption efficiency. The cell suspension was
thawed on ice and sonicated (Branson 250 Digital
Sonifier connected with microtip probe, Branson
Ultrasonic Corporation, Danbury, CT, USA) for six
(15 s on, 30 s off) cycles, to obtain the whole cell lysate
(WCL). WCL was centrifuged at 8000 g for 10 min to
collect the supernatant which was named the TPE. The
optical density (OD,gy) of the TPE solution was
adjusted to 1 by addition of PBS. The OD,g, was
measured using a Nanodrop one instrument (Thermo
Fisher Scientific, Waltham, MA, USA). The standar-
dized TPE solution was used as the antigen to coat
wells for the enzyme-linked immunosorbent assays
(ELISA).

Collection of chicken sera

A total of 63 serum samples (nine birds intramuscu-
larly injected with formalin-killed C. hepaticus HV10
cells to induce immune responses, five birds with no
history of SLD (negative controls), 10 SLD-positive
cases from a farm in Victoria in 2018, and 39 birds
from an infection/challenge trial using live
C. hepaticus HV10 (22 challenged and 17 unchallenged
negative controls)) were included in the study. There-
fore, there were 41 SLD-positive samples (nine from
formalin-killed, 10 naturally infected and 22 challenged
birds) and 22 SLD-negative samples (five with no his-
tory of SLD and 17 negative control used in an infec-
tion/challenge trial) included in the study. The
disease was induced as described by Van, Elshagmani,
et al. (2017). SLD-positive and negative control birds
were confirmed through PCR and/or visible signs in
autopsy. The whole blood samples were collected asep-
tically using 21-gauge needles and 10 ml syringes and
were transferred to the laboratory in 15 ml centrifuge
tubes. Serum was obtained as the supernatant by spin-
ning the sample tubes at 2000x g for 15 min. The bird
experimentation was approved by the Wildlife and
Small Institutions Animal Ethics Committee of the
Victorian Department of Economic Development,
Jobs, Transport and Resources (approval number
14.16).

Enzyme-linked immunosorbent assay (ELISA)

Nunc MaxiSorp™ high protein-binding capacity 96
well ELISA plates (Thermo Fisher Scientific) were
used for the assay. Briefly, 50 ul of antigen solution



(C. hepaticus TPE in PBS, pH 7.2) was added to each
well and incubated for 2 h at room temperature or
overnight at 4°C. The antigen solution was poured off
and wells were washed using 200 pl PBS with 0.05%
tween 20 (PBST). The non-specific binding sites were
then blocked by adding 200 pl of blocking solution
(5% skim milk powder in PBS) and incubated for 2 h
at room temperature or overnight at 4°C. One hundred
microlitres of primary antibody solution (chicken sera
diluted in blocking solution) were added to each well
and incubated for 2 h at room temperature or over-
night at 4°C. The sera were used either with or without
pre-absorption with C. jejuni proteins, as described
below in the reduction in cross reactivity by pre-
absorption section. The wells were washed four times
using 200 ul PBST and probed with 100 ul secondary
antibody, goat anti-chicken Ig-Y-HRP (Thermo Fisher
Scientific) diluted in blocking solution, for 2 h, fol-
lowed by four washing steps using 200 pl PBS. Finally,
50 pl of Novex 3,3',5,5'- tetramethylbenzidine chromo-
genic substrate (Invitrogen, Waltham, MA, USA) was
added to each well. The plates were sealed using clear
sealing tape (Thermo Fisher Scientific) during all incu-
bation steps. The absorbance was measured after 20—
30 min at 652 nm using a microplate reader (POLAR-
star Omega Plate Reader Spectrophotometer, BMG
LABTECH, Ortenberg, BW, Germany).

Investigation of C. jejuni, C. coli and
C. hepaticus cross reactivity

Serum samples from nine birds inoculated with forma-
lin-killed C. hepaticus HV10 to induce immune
responses, five negative controls, and 10 diseased
birds naturally-infected with SLD, were tested for
C. jejuni and C. coli cross reactivity. Adjacent wells in
ELISA plates were coated with C. hepaticus, C. jejuni
and C. coli TPE. ELISA was performed as described
above with 0.01 OD TPE antigen coating, 1 in 1000
dilution of chicken sera, and 1 in 2000 dilution of sec-
ondary antibody. All 63 samples included in this study
were also assayed on 0.01 OD TPE C. hepaticus coated
plates with dilutions of sera and secondary antibody
used above.

Reduction in cross reactivity by pre-absorption

The primary antibody/serum solutions were pre-
absorbed with C. jejuni TPE (OD,gq 1) to reduce the
non-specific binding of C. jejuni antibodies that may
be present in the serum samples. An experimentally
determined volume of C. jejuni TPE (ODygy 1) was
added to the primary antibody/sera solution and incu-
bated for 45 min at room temperature. The solution
was then centrifuged at 3700x g for 10 min and the
supernatant was used as the pre-absorbed primary
antibody solution to probe the antigen coated wells.
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Assessment of the ELISA in the presence of
C. jejuni and C. coli antibodies

To determine if the assay was affected by presence of
C. jejuni or C. coli antibodies, caecal samples of six
C. hepaticus-negative control birds from the challenge
trial were tested for the presence of C. jejuni, C. coli
or both DNA, using the previously reported multiplex
PCR (Van et al., 2018). The PCR result was then com-
pared with the ELISA response.

Optimisation of the ELISA parameters

Serum samples from nine birds inoculated with forma-
lin-killed C. hepaticus cells (SLD-positive) and five
birds with no history of SLD (SLD-negative) were
used for the optimization of the ELISA protocol. (i)
Volume of C. jejuni TPE for pre-absorption. The opti-
mal volume of C. jejuni TPE to be used for pre-absorp-
tion was determined by testing the addition of different
volumes of OD1 C. jejuni TPE (1, 2, 3, 4 and 5 ul) per
100 pl of the primary antibody solution. (ii) Antigen
coating. Various dilutions of C. hepaticus TPE were
tested for optimal ELISA performance, absorbance
(ODsg) 1, 1 in 10, 100, 200, 400, 800, 1600 and 3200
dilution of OD,g, 1 TPE. (iii) Antibody dilutions. Pri-
mary and secondary antibody solutions were prepared
in blocking solution (5% skim milk powder in PBS).
Primary antibody titre was optimized by testing differ-
ent dilutions of chicken sera, 1 in 100, 250, 500, 750,
1000, 2000, 4000 and 5000. Five dilutions of secondary
antibody, goat anti-chicken Ig-Y-HRP, 1 in 1000, 2000,
4000, 6000 and 8000 were assayed for optimal perform-
ance in tested serum samples. All samples were assayed
in triplicates and standard deviations were calculated.

Evaluation of ELISA performance

The assay was validated using 63 samples (22 negative
and 41 positive samples, including sera from naturally-
and experimentally- infected birds). Each sample was
tested at least twice, with triplicate wells for each
assay. The assay sensitivity and specificity were calcu-
lated from the absorbance values of the 63 serum
samples, as described by Chenard et al. (1998). One-
way analysis of variance test was performed to deter-
mine the statistical significance of the ELISA results.

Results

Investigation of C. jejuni, C. coli and
C. hepaticus cross reactivity

ositive signals were observed in C. hepaticus, C. jejuni
and C. coli protein coated wells for all samples
(Figure 1). Although the absorbance values from
C. hepaticus, C. jejuni and C. coli coated wells were
different, they fell within a narrow absorbance range
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C. jejuni, C. coliand C. hepaticus cross reactivity
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Figure 1. C. jejuni, C. coli and C. hepaticus cross reactivity. Samples 73-95 were SLD positive-samples from birds inoculated with
formalin-killed C. hepaticus cells. Samples 1-10 were sera from naturally-infected birds and —8 to —71 were negative control serum

samples.

(0.3-0.5) for most samples. In SLD-negative samples,
strong absorbance signals were observed in
C. hepaticus coated wells and the absorbance readings
from C. jejuni coated wells were higher than that
from C. hepaticus coated wells, suggesting cross reac-
tivity of C. hepaticus proteins with C. jejuni antibodies.
Also, when ELISA was performed using all 63 samples
included in this study, on C. hepaticus coated plates, 39
out of 41 SLD true positives were ELISA positive, but 7
out of 22 negative control samples were also ELISA
positive (data not shown). This result further suggested
the cross reactivity of C. jejuni antibodies with
C. hepaticus proteins.

ELISA positive

H J H {] H J

Reduction in cross reactivity by pre-absorption

C. jejuni TPE was chosen to pre-absorb the primary
antibody solution as the cross reactivity indicated by
the ELISA result (Figure 1) showed stronger absor-
bance signals from C. jejuni proteins compared to
C. coli. Figure 2 illustrates the reduction in cross reac-
tivity of six SLD-negative serum samples (-A24, -A29,
-A34, -A58, -A71 and -A97) using pre-absorption.
Weak signals were obtained for all negative samples
on C. hepaticus coated wells (Lanes 5 and 9) using nor-
mal sera. The signals were strong on C. jejuni coated
wells (Lanes 6 and 10). The signals from the same
samples were significantly reduced when they were

ELISA negative

7 8 9 1 11 12

‘A58 24

@ )
-A71 -

J H J H J
~ &) D
.(p / y

v

+75G Q “ Az\;/r

Normal Preabsorb  Normal

Preabsorb
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Figure 2. Reduction in cross reactivity by pre-absorption. H = C. hepaticus coating on wells in columns 1, 3,5, 7,9 and 11.J = C. jejuni
coating on wells in columns 2, 4, 6, 8, 10 and 12. Normal serum was used in columns 1, 2, 5, 6, 9 and 10. Pre-absorbed sera was used

in columns 3, 4, 7,8, 11 and 12.



pre-absorbed with C. jejuni TPE and probed on
C. hepaticus coated wells (Lanes 7 and 11) and
C. jejuni coated wells (Lanes 8 and 12). The signals
from positive samples (+73, +75 and +84) shown in
Lane 1 were unaffected by pre-absorbtion (Lane 3).
Therefore, the cross reactivity issue of C. hepaticus
antibodies with their closely related C. jejuni antigens
was successfully overcome by pre-absorbing the sera
using C. jejuni proteins.

Assessment of the ELISA in the presence of
C. jejuni or C. coli antibodies

The multiplex PCR assay detected C. jejuni DNA in
five and C. coli DNA in three out of six C. hepaticus-
negative samples tested (SLD-negative samples shown
in Figure 2). ELISA using C. jejuni TPE as antigen coat-
ing showed positive signals, demonstrating that these
birds had raised antibody responses against C. jejuni
(Figure 2, Columns 6 and 10). But when ELISA was
carried out using C. hepaticus TPE as antigen coating,
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these sera showed negative signals, demonstrating that
C. jejuni or C. coli infection did not compromise the
identification of C. hepaticus-specific antibodies
(Figure 2, Columns 7 and 11). Negligibly low signals
were obtained for pre-absorbed negative samples on
both C. jejuni and C. hepaticus coated wells. Therefore,
it can be concluded that the ELISA developed in this
study is not affected by the presence of C. jejuni or
C. coli antibodies.

Optimisation of ELISA parameters

(i) Volume of C. jejuni TPE for pre-absorption. All
tested volumes of C. jejuni TPE (OD,g 1) significantly
reduced the absorbance signals from negative samples
(Figure 3(A)). Both 3 ul and 4 ul gave comparable sig-
nals for the positive sera. Therefore the lower volume,
3 pl, was chosen as the volume of C. jejuni TPE (OD,g,
1) solution to be used for pre-absorption per reaction
or per well; i.e. 3 pl of C. jejuni TPE (OD,g 1) solution
added to 100 pl of chicken serum diluted in blocking

(B) Antigen coating
0.50 F =73
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= 0.40 l \ 4—
= 040 \ 479
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£ 030 9
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Figure 3. Optimisation of ELISA parameters. (A) Assay of volume of TPE to use for serum pre-absorption in three SLD-positive and
three SLD-negative serum samples. (B) Assay of effects of antigen coating dilution on ELISA performance in four SLD-positive and
three SLD-negative serum samples. (C) Assay of effects of primary antibody (chicken serum) dilution in four SLD-positive and three
SLD-negative samples. (D) Assay of secondary antibody dilution in three SLD-positive and three SLD-negative serum samples. The
conditions selected for ongoing use in the standardized ELISA are indicated by the blue arrows. Sera used: +73, +76, +79, +95 are

SLD positive sera; —8, —9, —68 are SLD negative sera.
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Absorbance value distribution of 63 samples
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Figure 4. Distribution of the absorbance values of 63 samples in ELISA. All 41 positive samples are clustered towards the left, and 22

negative samples on the right.

solution. (ii) Antigen coating. One-hundred-fold
dilution of OD1 C. hepaticus TPE (i.e. final OD of
0.01) was found to be ideal to effectively differentiate
SLD-positive and negative samples (Figure 3(B)). The
assay sensitivity was reduced when dilutions above
one-hundred-fold were used. (iii) Antibody dilutions.
Five-hundred-fold dilution of chicken sera was optimal
for obtaining a clear cut-off between SLD-positive and
negative serum samples (Figure 3(C)). One in 2000
dilution of secondary antibody was found to be the
optimal dilution to obtain reliable absorbance signals
without being a limiting factor for SLD-positive
samples. The absorbance values of the SLD-positive
samples dropped proportionately with further
dilutions (Figure 3(D)).

Based on the optimisation of ELISA parameter
results, the volume of C. jejuni TPE (OD 1) to be
used for pre-absorption (3 ul per 100 ul diluted
serum solution) and the dilution factors for antigen
coating (100), primary antibody (500), and secondary
antibody (2000) were applied in the ELISA assay.

Evaluation of ELISA performance

The absorbance value distribution of 63 samples assayed
by the ELISA is shown in Figure 4. Out of 22 sera from
birds with no known exposure to C. hepaticus, and
therefore not expected to have anti-C. hepaticus anti-
bodies, 21 were ELISA negative, with their absorbance
value below the cut-off value of 0.1. Therefore, the
assay specificity was calculated to be 95.5%. It should
be noted that the one negative serum sample which
was scored as a false positive gave high absorbance read-
ings in repeated assays, suggesting the bird may have
been exposed to C. hepaticus previously.

Of the 41 sera from birds known to have been
exposed to C. hepaticus, only one was scored as
ELISA negative, indicating an assay sensitivity of

97.6%. The assay cut-off value of 0.1 was chosen
based on the performance of all the 63 samples with
a focus on assay specificity and sensitivity.

The test was proved statistically significant (P-value
=0) by performing one-way analysis of variance com-
parison based on Dunnett method assuming equal
variance.

Discussion

ELISA is a reliable and affordable diagnostic tool for
many infectious diseases. There are several ELISA
kits available in the market for testing Campylobac-
ter-specific IgG/IgA antibodies or antigens in human
faecal samples, for example the RIDASCREEN® Cam-
pylobacter ELISA kit (Buissonniere et al., 2018). How-
ever, these kits are only suitable for detection of
antibodies from humans. The assays used for screening
C. jejuni antibodies from chicken sera, like the one
described by Radomska et al. (2016), would not be suit-
able for the specific detection of C. hepaticus antibody
due to the presence of antibodies to other common
campylobacters in the sera, generated against previous
or current C. jejuni or C. coli infections. The PCR
results obtained in the present study also support the
above statement by confirming the presence of
C. jejuni, C. coli or both in the caecal samples of
some of the C. hepaticus-negative birds tested.

Many of the antigenic targets that have been used in
serological detection of campylobacters are membrane
surface proteins or flagellar proteins, because of their
obvious immunogenic nature (Yeh et al., 2013; Yeh
et al., 2016). The use of C. jejuni outer membrane pro-
teins and formalin-inactivated whole cells as antigens
for ELISA and immuno-blotting tests, demonstrated
by Islam et al (2014), was successful in detecting
C. jejuni or C. coli infections in humans. However,
we initially presumed that the use of WCL will not



work for our assay because of its cross reactivity with
these common Campylobacter antigens. Other work
by Gerstenecker et al. (1992) on H. pylori detection
using an enzyme immunoassay, reported the reduction
in assay specificity by using WCL (60.7%) against 92%,
obtained using a specific antigenic membrane-associ-
ated protein. In the current study, the cross reactivity
between antibodies to other campylobacters and the
C. hepaticus antigen preparation was reduced by pre-
absorbing the sera against C. jejuni TPE, prior to use
in the ELISA. This successfully removed most of the
cross-reacting antibodies from sera. So, one of the
major challenges in the assay development was utilized
to improve the reliability of the assay.

The pre-absorption of anti-Campylobacter sera has
been previously reported by Hu et al. (2013), where
in vitro grown cultures of C. jejuni were used for
pre-absorbing patient sera to identify in vivo induced
antigens of C. jejuni by a 2D-gel immuno-blotting
method.

In the present study, when ELISA was performed
using serum without pre-absorption, seven negative
samples gave false positive results. This suggested
the presence of C. jejuni or C. coli antibodies in the
serum samples, and the presence of C. jejuni and/or
C. coli DNA in the birds from which the sera were
derived was confirmed by PCR in a number of
cases. When the sera were pre-absorbed with
C. jejuni proteins, most of the general Camplylobacter
antibodies removed leaving primarly
C. hepaticus-specific antibodies in the primary anti-
body solution. Thus, all but one of the 22 putative
negative samples were below the cut-off value, making
the assay specific for C. hepaticus when the assay was
performed using pre-absorbed sera. Choi et al. (2018)
also demonstrated an improvement in the specificity
of a multiplexed opsonophagocytic killing assay for
group B Streptococcus by reducing the non-specific
killing with the use of pre-absorbed sera. The ELISA
assay was successfully used to detect anti-
C. hepaticus antibodies in the sera from birds inocu-
lated with the HV10 strain and sera from one field
infection, as described in the results. In another chal-
lenge, the C. hepaticus 44L strain was used and the
assay successfully detected antibodies induced by
this strain (data not shown). It has been reported
that the genomes of C. hepaticus strains are highly
similar (Van et al. 2019), therefore the expectation
is that the immunoassay could reliably test antibody
responses produced by other C. hepaticus strains.

The novel ELISA developed in this study will be a
valuable diagnostic tool to monitor the immune status
of flocks that are susceptible to SLD. The ELISA is highly
sensitive (97.6%), specific (95.5%) and convenient to
use. It will not only assist in screening birds in the
field for C. hepaticus exposure, but also equips research-
ers with a rapid detection method for anti-C. hepaticus

were
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immune responses during vaccine trials and will be a
powerful tool for use in epidemiological studies.
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