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Genomic tailoring of autogenous poultry
vaccines to reduce Campylobacter from
farm to fork
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Campylobacter is a leading cause of food-borne gastroenteritis worldwide, linked to the consumption
of contaminated poultry meat. Targeting this pathogen at source, vaccines for poultry can provide
short-term caecal reductions in Campylobacter numbers in the chicken intestine. However, this
approach is unlikely to reduce Campylobacter in the food chain or human incidence. This is likely as
vaccines typically target only a subset of the high genomic strain diversity circulating among chicken
flocks, and rapid evolution diminishes vaccine efficacy over time. To address this, we used a genomic
approach to develop a whole-cell autogenous vaccine targeting isolates harbouring genes linked to
survival outside of the host. We hyper-immunised a whole major UK breeder farm to passively target
offspring colonisation using maternally-derived antibody. Monitoring progeny, broiler flocks revealed
a near-complete shift in the post-vaccination Campylobacter population with an ~50% reduction in
isolates harbouring extra-intestinal survival genes and a significant reduction of Campylobacter cells
surviving on the surface of meat. Based on these findings, we developed a logistic regression model
that predicted that vaccine efficacy could be extended to target 65% of a population of clinically
relevant strains. Immuno-manipulation of poultry microbiomes towards less harmful commensal
isolates by competitive exclusion, has major potential for reducing pathogens in the food
production chain.

Poultry meat has risen to become one of the main sources of affordable food
protein worldwide'. Since the 1960s, the global poultry industry has
increased to ~26 billion birds”. While this has brought about nutritional
benefits for humans, it has also come at a significant cost. Safe food pro-
duction is among the most pressing challenges to sustainable agriculture,
and contamination of retail poultry is a critical issue. Retail poultry meat is
the primary source of the common human enteric pathogens Campylo-
bacter jejuni and Campylobacter coli"®. These pathogens are typically

introduced to the surface of meat at slaughter’", with ~70% of retail
poultry' carrying these bacteria on their surfaces, often at concentrations
exceeding 1000 cells per gram of chicken skin. This is a concern when a
single chicken breast can contain more than 30,000 Campylobacter cells,
which is 60 times the minimum dose required for human infection'>".
The most common advice for avoiding infection is careful handling
and thorough cooking of poultry meat. However, it is questionable whether
this is a sufficiently robust response to control a dangerous pathogen that
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enters kitchens and is responsible for acute gastroenteritis and debilitating
and life-threatening sequelae'*. Numerous measures have been employed to
reduce Campylobacter entering the food chain'. Broadly, these can be
categorised as on-farm measures such as enhanced biosecurity'®, bacteriocin
treatments"’, probiotics and feed supplements'*, phage therapy™; or car-
cass treatments such as irradiation and chemical sterilisation™, increased
hygiene to prevent intestinal contents spillage'’, and hot water and freezing
therapies. Although farm and factory-level preventative measures can
reduce Campylobacter load, these have not yet translated to viable com-
mercially relevant interventions in broiler production'’.

Vaccination is an effective strategy to control or prevent infectious
disease, and the immunisation of chickens with vaccines using inactivated
bacteria has reduced intestinal Campylobacter colonisation by up to hun-
dredfold (2 x Log10)*. However, despite multiple attempts” ™" an effective
commercial vaccine to control Campylobacter in poultry has yet to be
developed. The principal impediment is that Campylobacter populations in
chickens can be very genetically and phenotypically diverse””” with mul-
tiple strains found together in a single flock, or even a single bird™*.
Therefore, inducing an immune response that will cross-protect birds
against multiple strains is extremely difficult. As a result, even if a fraction of
the population can be removed, vaccine escape strains can proliferate to fill
the vacant niche space. One solution is to regularly update the vaccine to
target prevalent strains, which is a common approach employed with the use
of autogenous vaccines”. Widely applied by veterinarians, autogenous
vaccines are typically prepared from pathogen isolates sampled on a par-
ticular farm, and then used to elicit strain-specific immune responses against
homologous antigens in livestock on the same farm™.

The availability of increasingly large bacterial genome collections has
greatly advanced understanding of variation in bacterial populations®,
strain interactions”' and the function of specific genes in Campylobacter
populations*>*’. This has potential for improving vaccine development and
delivery*. Specifically relating to Campylobacter, recent comparative
genomic analyses of isolates from the intestines of broiler birds, carcasses
and human clinical samples have shown that those infecting humans are a
genetic subset of those found in poultry™. In particular, the genomes of the
clinical isolates are enriched with genes that allow these microaerophilic
organisms to tolerate atmospheric oxygen conditions and survive outside
the gut">®. Therefore, rather than trying to eradicate this ubiquitous com-
mensal organism from the chicken gut, it may be possible to target only the

strains that survive on food and in the environment, which ultimately infect
humans.

Here, we combine knowledge of Campylobacter strain variation in
chickens and the genes that promote survival through poultry processing to
inform autogenous vaccine design. Our passive immunisation approach
aims to manipulate the gut microbiome to reduce clinically important
Campylobacter and promote the proliferation of isolates that have less
chance of surviving to contaminate retail meat*. Hyper-immunising
chickens at a major UK breeder farm, we target a relatively brief Campy-
lobacter colonisation window, 14 days after hatching when maternally-
derived immunoglobulin (Ig) Y antibodies that protect young birds"” begin
to dwindle, but before slaughter at around 37 days. Tracking chickens
through slaughter, we investigate the potential for genomically-informed
autogenous vaccines as a potential near real-time treatment to reduce
Campylobacter in poultry, and ultimately human infections.

Results

Broiler chickens sampled pre-vaccination harbour multiple
Campylobacter lineages

A total of 150 caeca and 150 neck skin samples were collected from 300 Ross
broiler chickens across five broiler farms in the UK. From these, C. jejuni was
cultured from 189 (101 neck skin, 88 caeca), and 136 whole-genomes
(74 neck skin, 62 caeca) were sequenced (Supplementary Data 1 and 2).
Phylogenetic comparison with other chicken-associated lineages revealed
four distinct clonal complexes (CCs) (Fig. 1a): CC257 (n=53), CC443
(n=26), CC206 (n = 44) and sequence type (ST) ST-4430 (n = 13), defined
by PubMLST* belonging to an undefined/mixed cluster (Fig. 1a, Supple-
mentary Data 1). Three of the four identified CCs (CC257, CC443 and
CC206) were reported in human clinical cases in Oxford over a four-year
period (Supplementary Data 3), consistent with studies indicating trans-
mission from poultry to humans’.

Elements linked to environmental survival were identified in C.
jejuni isolates

Known survival-associated genetic elements were identified in C. jejuni
genomes from unvaccinated chickens (Supplementary Data 4, Fig. 1b). The
average number varied by CC as follows: CC257 (n = 65), CC443 (n = 60),
CC206 (n=66), ST-4430 (n =61). The number of survival-associated ele-
ments also varied within CCs: CC257 (range of presence = 51-67), CC443
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Fig. 1 | Highly structured Campylobacter populations inform vaccine design.

a Maximum Likelihood (ML) phylogeny of 1,095 C. jejuni genomes indicating
major chicken-associated CCs (grey dashed curves) and isolates in the pre-
vaccination population (n = 136, faded halos). Scale bar represents substitutions per
site. b Presence/absence (grey/white cells) distribution of 70 survival-associated

—
10.003 "

genetic elements in pre-vaccination genomes CCs ordered by the frequency within
all genomes. Only genetic elements with an annotated gene name are labelled

(complete list in Supplementary Data S4). Variations of a genetic element with the
same gene annotation are labelled as *_1I’, *_2’, *_3’ etc. The matrix rows are ordered

by the genome position in the phylogeny left of the presence-absence matrix.
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(52-63), CC206 (47-68), ST-4430 (46-63). Four isolates (one from each CC)
containing the most survival-associated genetic elements were chosen for
inclusion in the vaccine (isolate ids: 7939276 (ST-4430), 7939216 (CC257),
7916660 (CC443), 7930870 (CC206)) based on the likelihood of these iso-
lates surviving outside the host gut.

Campylobacter-vaccinated birds developed a strong strain-
specific IgY response

Immunoglobulin Y is the major immunoglobulin (Ig) class in chickens. This
is passed to the embryo from the breeder hen via the egg yolk and protects
chicks against Campylobacter colonisation**”’. Strain-specific IgY titres were
quantified in breeder and progeny broiler serum and breeder egg yolk (Fig.
2). In breeder serum, the specific IgY response to the four-strain combi-
nation vaccine was significantly higher (p=<0.05) compared with the
control breeders at all three time points (TPs). Specifically, mean OD s, of
8.026 (range 1.651-2.513) vs 0.535 (0.131-0.137), 15.658 (3.823-3.950) vs
0.515 (0.122-0.133), 13.720 (3.426-3.437) vs 0.522 (0.128-0.136) for time
points 1, 2 and 3 respectively (Fig. 3a, Supplementary Fig. 1). IgY remained
consistently low in all control cohorts (~0.500). There was a reduction in
total vaccine-specific IgY titres from vaccinated breeder hens in the breeder
egg yolk (mean ODys0=2206) vs breeder blood serum (mean
ODys0 = 12.468) but increased slightly in control cohorts (breeder serum

Fig. 2 | Cohort-controlled poultry distribution
system and vaccine implementation. a Breeder
birds go to farms at age of lay and progeny of are
distributed to hatcheries as eggs and hatched broiler
chicks are reared in broiler farms. Broilers remain in

a

Vaccinated
(14 and 18 weeks)

the same farm house until age of slaughter

(~37 days) and meat processing. Vaccinated bree-
ders and progeny were followed as one epidemio-
logical unit through a controlled system to ensure
vaccinated (blue) and control (grey) cohorts
remained separate (origin, hatchery, broiler houses,
abattoir). b A whole breeder rearing farm (~40,000
breeder birds) were immunised with two doses of the

Breeder rearing

Breeder farms &

mean ODyso=0.524, breeder egg yolk mean ODyso=1.131). Vaccine-
specific IgY maternally-derived antibody was highest at TP1 in the vacci-
nated breeder egg yolk samples vs the control group with mean OD,s, of
4.362 (0.310-2.456) vs 0.510 (0.083-0.171). Mean ODy5, reduced by TP2 in
vaccinated (0.689 (0.034-0.247)) vs control groups (1.310 (0.234-0.415))
and increased slightly by TP3 (1.568 (0.132-0.532) vs 1.573 (0.336-0.434),
for vaccinated and control cohorts respectively). In progeny broiler blood
serum, the mean total vaccine-specific IgY titres were higher than in egg yolk
in both vaccinated (mean OD45,=8.053) and control (mean
ODy,50 = 8.675) cohorts and was present at all TPs at a mean OD,s0 0f 9.132
(2.206-2.411) vs 12.210 (2.579-3.524), 4.634 (0.616-1.791) vs 5.793
(1.306-1.666) and 10.392 (2.357-3.052) vs 8.023 (1.794-2.225) (Supple-
mentary Fig. 1) for vaccinated vs control cohorts at TP1, TP2 and TP3
respectively. Antibody titres from both vaccinated and control broiler blood
samples were highest at TP1 and reduced at TP2, consistent with the natural
waning of maternally-derived antibodies (MDAs) (Fig. 3¢, Supplementary
Fig. 1).

Target Campylobacter isolates are replaced in the post-
vaccination chicken gut

Campylobacter were grown from 667 samples (neck skin control (n = 97);
neck skin vaccinated (1 =200); caeca control (n =132); caeca vaccinated
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Table 1 | Comparison of number of genomes per CC between pre- and post-vaccination genomes

Pre-vac Post-vac
vaccinated control
CCs neck skin ceaca neck skin ceaca neck skin ceaca source unknown
CC206 21 23 - - - - =
CC257 31 22 - 1 - - -
CC443 10 16 2 - - - -
ST-4430* 12 1 - - - - -
ST-7735% - - - - 1 2 1
CC21 - - 17 3 - 1 4
CC353 - - 7 19 1 6 -
CC828 - - 12 13 14 12 1

*belonging to closely related (mixed) cluster.

(n=238), of which 117 were sequenced (Supplementary Data 1, Table 1,
Fig. 4). Phylogenetic comparison revealed an almost complete
post-vaccination strain replacement with only 3 isolates sharing CCs with
the pre-vaccination population. The remaining isolates (114 out of 117)
sampled from the post-vaccination population belonged to three C. jejuni
chicken-associated lineages: CC353 (n = 33), host generalist CC21 (n = 25),
and ST-7735 (n =4), a lineage with a high degree of shared ancestry with
ST-4430 (sampled pre-vaccination) (Fig. 4) and belonging to the same
undefined/mixed CC. The fourth lineage sampled from the post-vaccination
population was the C. coli host generalist CC828 (1 = 52). The same CCs
were present in both vaccinated and control flocks but at different
frequencies from different sample types (Table 1). The post-vaccination shift
in Campylobacter population structure is consistent with isolate replacement
promoted by the vaccine (Supplementary Data 1, Table 1, Fig. 4a).

There are fewer survival-associated genes in post-vaccination
Campylobacter genomes

The frequency of specific survival-associated genetic elements differed
between CCs and between pre- and post-vaccination populations (Fig. 4b, d).
The range in the number of survival-associated genetic elements per isolate
varied by CC (ST-4430=38-52, CC206=45—65 CC257=49—65,
CC443=42-53, CC21=29-61, CC353=17-59, CC828=1-14,
ST-7735 = 28—55) (Fig. 4b). This corresponds to a combined average of 226
per pre-vaccination genome, reducing to 110 in the post-vaccination
population. The reduction is even more striking when comparing the total
number of survival-associated elements, with a total of 8098 total survival
elements in the pre-vaccination population versus 3377 in post-vaccination
isolates (Fig. 4d). The presence of survival-associated elements differed
among CCs. For example, only 6 out of the 70 survival-associated elements
were present in all CCs (13_Cj1049c, 14_Cj1049c, 15_Cj1049c, 16_Cj1049c,
5_IpxD_Cj0576, 6_hypD_Cj0625) but at varying proportions (Fig. 4b). This
means that 64 of the 70 element types were not shared by all of the CCs in
both populations. However, 41 of the survival-associated elements were
present in all isolates in the pre-vaccination population and 10 in all isolates
in the post-vaccination population (Fig. 4b).

Vaccination does not reduce caecal load but lowers numbers of
Campylobacter surviving on meat

Campylobacter were enumerated in cfu/g for each caeca (n = 88) and neck
skin (n=101) sample pre-vaccination (Fig. 4c and Table 2). Levels of
positive Campylobacter growth in the caecum varied across the five farms
sampled and ranged from 7-100%, with one farm testing completely
negative for Campylobacter in the caeca (Table 2, Supplementary Data 6,
Supplementary Table 1). Any caecal sample containing <1000 cfu/g was
classed as Campylobacter negative (Supplementary Data 6)'*. Caecal load for
Campylobacter ranged from 2.95E +- 06-2.05E + 08 cfu/g, with an average

of 6.1E + 07 cfu/g (Fig. 4c, Supplementary Fig. 2 and Table 2). Enumeration
of Campylobacter on neck skin samples also differed per farm (Farm
1=<10-4500; Farm 2 = <10-70; Farm 3 = <10-3700; Farm 4 = < 10-80;
Farm 5 = <10-32,000 cfu/g) (Supplementary Data 6, Supplementary Table
1). However, for the neck skin samples, anything <10 cfu/g were classed as
negative according to standard laboratory protocol and anything >1000 cfu/
g were classed as outliers and removed (Supplementary Data 6, Supple-
mentary Table 1, Supplementary Fig. 2). After removal of outliers, average
Campylobacter enumeration on the neck skin was estimated at 150.0 cfu/g
across all farms (Farm 1 =0-610; Farm 2 = 0-32; Farm 3 = 0-147; Farm
4 =0-80, Farm 5 = 0-780 cfu/g) (Table 2, Supplementary Data 6, Fig. 4c).

Enumeration of Campylobacter isolates present in caeca samples across
five farms post-vaccination showed little difference in average cfu/g between
the control (6.0E + 07), and vaccinated (5.6E 4 07) cohorts (non-para-
metric Mann-Whitney U tests, p=0.744 (not significant)). However, a
significant difference between pre-vaccination (6.1E+07) and post-
vaccination vaccinated cohorts was observed (p=0.043) (Fig. 4c and
Table 2). After the removal of outliers as in pre-vaccination populations
(>1000 cfu/g) (Supplementary Data 6, Supplementary Table 1, Supple-
mentary Fig. 3), there was a reduction in average neck skin counts from
150.0 cfu/g (pre-vaccination) to 118.0 cfu/g in the control cohorts (post-
vaccination). The reduction of surviving Campylobacter was greater on
vaccinated neck skin samples (92.0 cfu/g) (Fig. 4c and Table 2) with an
observed decrease in the range of neck skin counts (20-640 cfu/g) versus the
control population (20-950 cfu/g), resulting in a tighter distribution. Pair-
wise comparison of all groups showed a significant reduction between the
pre-vaccination and post-vaccination neck skin cohorts (non-parametric
Mann-Whitney U-tests, p = 0.034).

Genome comparison can be used to model vaccine efficacy in
complex Campylobacter populations

As a whole-cell vaccine was developed, there are limitations in identifying
the specific antigens underlying the targeted immunogenic response and if
this immunogenic effect will confer cross-protection to the antigens of other
lineages or CCs. We implemented a logistic regression model-based
approach using antigenic variation from the genomes from this study to
better describe this and to predict the effects of our vaccine isolates at
targeting other chicken-associated CCs in a hypothetical population. First,
the average fraction of the relative normalised frequencies of the vaccine
isolates present post-vaccination was computed, resulting in a baseline
probability (intercept of the model) of 0.026. In simple terms, this can be
interpreted as an approximately 3% chance of an isolate identical to a
vaccine isolate (at the selected antigenic loci) surviving the effects of the
vaccine and ending up in the post-vaccination population. Next, three
different scenarios were created to assess the effect of the vaccine: logistic
regression model parameter thetas were fixed to 1.099, 0.916, and 0.693,
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Fig. 4 | Targeted passive vaccination reduces Campylobacter enriched with
survival-associated genes. a Phylogenetic comparison of pre- (blue) and post-
(pink) vaccination genomes from each clonal complex (CC). The scale bar repre-
sents substitutions per site. b Histograms indicate the % of isolates containing
specific survival-associated (S-A) elements (Supplementary Data S4) within clonal
complexes (CCs) found in pre- (above) and post- (below) vaccine populations. ST-
7735 is not shown due to the low sample size (n = 4). ¢ Boxplots of Campylobacter
levels (cfu/g) in caeca and on neck skin samples are shown for pre- and post-vaccine
and control groups, and pairwise comparisons of means p values (Mann-Whitney U

tests, p < 0.05) are shown with significance indicated by an asterisk and non-
significance by ‘ns’. Overall significance was estimated using the Kruskal-Wallis test.
d The overall proportion of isolates containing survival-associated elements (black
dots) is lower in the post-vaccination population. The centre line of the box plots
represents the median value. Upper and lower bounds of the boxes are the first and
third quartiles. Whiskers extend no further than 1.5x the interquartile range from
upper/lower bounds of the box separately. Data beyond these points are plotted as
individual points.

which correspond to odds ratios (OR) 3, 2.5 and 2, respectively (Fig. 5b,
Supplementary Fig. 4). An OR of 2.5 was selected for further analysis. This
provides an indication of how distinct antigens could be in order for the
isolate to escape the effects of the vaccine as a function of the distance. For
example, according to the model, antigen sequences can differ by ~2000
amino acids (8% of antigen sequence divergence) from the vaccine isolates
to increase the likelihood of survival by ~14% and by ~4000 amino acids to
result in a predicted ~50% likelihood of surviving the effects of the vaccine,
(Fig. 5b, Supplementary Fig. 4) (31% of vaccine antigen sequence diver-
gence). A difference of 10,000 amino acids was estimated to result in a 100%
likelihood of surviving the effects of the vaccine strains. These factors
combined suggest evidence for a high likelihood of strain replacement.
The model results were then used to predict the effects of the vaccine
isolates in a wider context using a hypothetical population of chicken-

associated isolates. A survivability probability was computed for each
minimum distance of the context chicken isolate collection to the vaccine
isolates using the results from the model (theta = 0.916, OR 2.5). The isolates
were then grouped by CC to result in 31 identified CCs (Supplementary
Data 2). Any CC containing <3 sequences were removed (CC362, CC581,
CC446, CC61 and CC508), leaving 26 CCs for analysis. The distributions of
probability of vaccine survival for each isolate in each CC were assessed
(Fig. 5). Considerable variation was observed for predicted survivability
between CCs as a whole but a positive trend for escaping the effects of the
vaccine with increased distance from the vaccine antigens was clear. Of the
26 CCs analysed, only 3 exhibited a median predicted survival probability
>0.5 (CC433 = 0.507, CC702 = 0.852, CC828 = 0.853) (>0.5 suggests a high
likelihood of escaping the effects of the vaccine). One of which was present in
the post-vaccination population (replacement strains) (ST-7735 and
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Table 2 | Per-farm Campylobacter prevalence summary pre- and post-vaccination

Pre-vac sampling-understanding strain diversity

Neck skin Caeca
Avg. (cfu/g) SD No. of samples collected % Campylobacter +ve Avg. (cfu/g) SD No. of samples collected % Campylobacter +ve
Farm1 161 153.8 30 83 2.05E+08 2.32E+08 30 100
Farm2 32 17.0 30 27 295E+06 2.00E+06 30 7
Farm3 147 194.0 30 70 9.54E+07 9.23E+07 30 73
Farm4 50 257 30 63 0 0 30 0
Farm5 244 189.6 30 97 2.80E+07 3.34E+07 30 97
Post-vac sampling-unvaccinated (control) cohort
Neck skin Caeca
Avg. (cfu/g) SD No. of samples collected % Campylobacter +ve Avg. (cfu/g) SD No. of samples collected % Campylobacter +ve
Farm1 173 2314 30 53 3.18E+06 5.03E+06 30 100
Farm2 176 231.2 30 83 3.07E+07 8.22E+07 30 100
Farm3 113 138.5 30 40 8.18E+05 1.87E+06 30 100
Farm4 100 432 30 87 1.69E+08 3.31E+08 30 70
Farm5 47.5 151.2 30 27 1.53E+08 2.31E+08 30 100
Post-vac sampling-vaccinated cohort
Neck skin ceaca
Avg. (cfu/g) SD No. of samples collected % Campylobacter +ve Avg. (cfu/g) SD No. of samples collected % Campylobacter +ve
Farm1 77 771 60 70 9.60E+06 1.77E+07 60 100
Farm2 181 181.0 60 98 2.40E+07 6.85E+07 60 98
Farm3 75 859 60 45 117E+06 2.96E+06 60 83
Farm4 50 473 60 33 1.83E+08 2.74E+08 60 77
Farm5 57 57.7 60 50 1.19E+08 1.99E+08 60 97

SD standard deviation.

CC828). C. coli CC828 had the highest survival probability score of all the
CCs (Fig. 5).

Of the remaining CCs analysed, 6 exhibited a range in survival, which
spread >0.5 (CC460, CC677, CC206, CC443, CC353 and CC21), suggesting
high likelihood and variability of survival within the CC. Two of these CCs
(CC21 and CC353) belonged to the remaining CCs sampled post-
vaccination in the vaccine trial (Fig. 5), and two belonged to CCs which
were included in the vaccine (CC443 and CC206). The remaining 17 CCs
(CC257, CC464, ST-4430, CC607, CC354, CC49, CC573, CC52, CC48,
CC658, CCo61, CC22, CC574, CC45, CC283, CC42, ST-7735) had both
median predicted survival probabilities <0.5 and narrow ranges in survi-
vability for the CC as a whole, suggesting that these CCs would likely be
targeted by the vaccine and not survive post-vaccination. Two of these
(CC257 and ST-4430) were CCs included in the vaccine. In this case, we can
speculate that in a hypothetical population with 26 distinct circulating
Campylobacter CCs, our vaccine isolates may be effective at targeting
(knocking out) 17 out of 26 CCs which corresponds to 65% of the
population.

Discussion

Vaccines are highly effective in reducing both infections and the need to use
antibiotics for the treatment of bacterial infections, which explains their
popularity in both human and agricultural practices. However, there are
significant challenges associated with an effective design for targeting
genetically and antigenically diverse organisms, such as Campylobacter in
chickens. Developing a commercially viable on-farm poultry vaccine has
proven elusive, despite the clear benefits of combating strains that con-
taminate meat and cause human campylobacteriosis. Various vaccine types
have been previously trialled to reduce Campylobacter load in poultry, such

as conjugate, subunit, whole-cell, in ovo, and egg yolk IgY routes™*"**'~*",

However, the poorly understood chicken cellular response to this ostensibly
commensal bacterium complicates traditional vaccine approaches™. This
led us to prioritise population manipulation by delaying colonisation of
isolates likely to survive on meat, rather than relying solely on vaccine-
induced cellular responses. Using genomic approaches and rational design
targeting isolates surviving processing, we designed and manufactured a
farm-specific autogenous vaccine and trialled its efficacy in real time
through a poultry distribution and processing system in the UK and
monitored the effects over two years.

Leveraging the window in the first two weeks of a broiler’s life, where
Campylobacterlevels are low due to the protective maternal antibodies (IgY)
passed from mother to offspring'*”*>**”, our passive vaccine approach
facilitates vaccine administration, with whole-cell C. jejuni vaccination in
breeder hens conferring the protective effects of maternal antibodies (IgY) to
offspring via the egg yolk to passively protect chicks’***** (Supplementary
Fig. 5). ELISAs showed that vaccine-specific IgY was induced in vaccinated
breeders and was passed to offspring through eggs despite peaking earlier
than in a comparable study™ (Fig. 3a, Supplementary Fig. 1). As expected,
protective maternal antibody levels waned after two weeks in the broiler
serum (Fig. 3¢) coinciding with the natural Campylobacter colonisation”’,
but vaccine-specific IgY remained elevated in both vaccinated and control
cohorts. This was potentially due to cross-reactivity with naturally acquired
lineages from the farm™*’. Genomic characterisation of post-vaccination
isolates revealed the small presence of pre-vaccination isolates circulating on
the farms (Table 1) and could offer further explanation for the presence of
vaccine-specific IgY in control cohorts®.

Consistent with the population manipulation approach, live-
attenuated oral vaccines can also be tailored to target high-risk
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Fig. 5 | Inferring vaccine efficacy in complex Campylobacter populations. a Grape
diagrams showing the predicted zone of efficacy for vaccine isolates (blue), inferred
for common Campylobacter clonal complexes (CCs) based upon allelic similarity
and the predicted post-vaccine population is shown (right). b The logistic regression
model (grey curve) fitted to the trial data to predict the probability of isolates
surviving the effects of the vaccine isolates (y axis). Black curves represent different
thetas (1.099 (OR = 3); 0.916 (OR = 2.5); 0.693 (OR = 2)), and coloured circles
indicate the minimum distance of each isolate to one of the four vaccine isolates
(xx axis). Blue circles belong to the CCs found predominantly in pre- (vaccine isolate
CCs) and pink for the post-vaccination populations. The likelihood of escaping the
vaccine is indicated by black circles at 40 and 100%. ¢ Strain replacement potential
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CC (ordered according to the median distance to the vaccine strains)

was estimated from the distribution of isolate survivability (black dots) probabilities
per chicken-associated CC-ordered by median survivability (black horizontal lines
per box). Upper and lower bounds of the boxes are the first and third quartiles.
Whiskers extend no further than 1.5x the interquartile range from upper/lower
bounds of the box separately. Data beyond these points are plotted as individual
points. There was variation in inferred isolate survivability within CCs, including
pre-(blue) and post-(pink) vaccine sampling. CCs are ordered from least to most
likely to escape vaccine effects, and comparison to the dashed horizontal line (0.5)
indicates the minimum probability at which survival post-vaccine is likely.

aerotolerant isolates as in mutagenesis studies”. Vaccine design was
informed by prior knowledge of the genes linked to survival through
poultry production®, and included a single isolate from each of the four
pre-vaccination lineages with the highest predicted survivability. By
selecting for isolates predicted to be less likely to survive when shed into
the environment, we aimed to reduce persistence through transit to infect
humans or contaminated poultry meat. As expected, these lineages were
replaced in vaccinated chickens and, importantly, the post-vaccine
population had on average fewer survival elements. Campylobacter was
detected from caeca and neck skin samples using a single plate method
which yielded sufficient growth®’. While the caecal isolate composition
changed, the overall caecal load was not significantly different in vacci-
nated and unvaccinated chickens. However, there was a substantial
reduction in Campylobacter on neck skin at slaughter in vaccinated
poultry cohorts, falling as low as 92 cfu/g. Campylobacter was detected in
the caeca of flocks from all farms from the pre-vaccination cohort except
for farm 4 (Table 2). All chickens sampled on this farm had negative caecal
growth of Campylobacter but exhibited positive growth on the surface of
neck skins from the same flock post-slaughter. The observed negative
growth in the caeca could be explained by good management practices and
biosecurity performed on the farm™*.

The replacement of vaccine-type strains with non-vaccine types
(NVTs) at the population level is a serious problem for infection control and
has been observed among asymptomatic carriers of Streptococcus pneu-
moniae following the widespread use of the (PCV7) conjugate vaccine
designed to target seven of the >92 serotypes®®. Our empirical logistic
regression model assessed the likelihood of the observed strain replacement,
focusing on antigenic variation between pre- and post-vaccination CCs.
Notably, CC828, which is the dominant C. coli clonal complex, had the
highest median survival probability with other replacement CCs (ST-7735,
CC353 and CC21) exhibiting a high predicted likelihood of replacement.
This is not surprising as the vaccine consisted of only C. jejuni isolates but
highlights the potential importance of C. coli isolate inclusion in future
vaccine design. When applied to a comprehensive collection of known
chicken-associated CCs, the model revealed those that would likely survive
in post-vaccination populations. Given the strain-specific nature of
immunogenic responses and the unique antigen content of individual
sequence types within CCs, differences were anticipated. However, mod-
elling potential vaccine impact based on antigenic similarity in diverse
chicken Campylobacter populations predicted that 17 out of 26 CCs would
be targeted by the vaccine, representing 65% of the population. Hence there
is an opportunity for future modelling studies to investigate optimisation of
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the vaccine composition based on genomic surveillance of the local Cam-
pylobacter population.

However, there were limitations to our study design. The frequency of
genes that promote the survival of micro-aerophilic Campylobacter outside
of the host provides information about the likelihood that a given isolate will
persist through the poultry production chain®. Four isolates containing a
maximal number of survival-associated genetic elements from each of the
four lineages identified from the pre-vaccination sampling were selected to
be included in the vaccine. The rationale was that these four isolates had the
highest expected potential of survivability through the poultry processing
chain among all isolates from the farm surveillance. The individual con-
tribution of a single genetic element to the differential survival of a bacterial
cell in poultry meat is unknown and most likely dependent on the niche
conditions of a particular stage during processing. Therefore, our choice of
isolates may not be optimal, but opens up new research avenues involving
functional characterisation and provides a basis for modelling vaccine
impact. By including as many survival-associated elements as possible, it is
anticipated that the likelihood of survival is increased by essentially pre-
paring for as many environmentally stressful scenarios as possible.

In conclusion, our combined vaccine design and predictive modelling
approach demonstrates the potential for incorporating population genomic
surveillance into vaccine design strategies for controlling opportunistic
pathogens with extensive genetic variation. Modelling approaches can make
informed predictions of efficacy and offer the potential for optimising
vaccine composition. Finally, rather than seeking eradication, a vaccination
strategy that specifically targets lineages associated with an elevated risk of
transmission, persistence, and, ultimately, infections is a promising
approach to combat pathogenic isolates that live within larger commensal
populations.

Methods

Ethics

This study was overseen and approved by the Veterinary Medicines
Directorate (VMD) under licence number: AVA1744/8000. Birds were
already euthanised by standard methods for food production prior to
sampling and after approval from the ethical committee within the poultry
company. The prescribing veterinarian was responsible for the ethical
treatment of birds during sampling of blood and removal of caeca and neck
skin under ethical regulations of the Veterinary Surgeons Act 1966. Blood,
caeca and neck skin samples were obtained as part of routine procedures at
the poultry company. No chickens were infected with Campylobacter,
blood-sampled or euthanised for the sole purpose of this study. At post-
mortem examination, removal of the caeca and neck flap skin was carried
out by a trained veterinarian who had obtained permission from farm
owners. Sampling was discussed appropriately between researchers, veter-
inarians, industrial collaborators and farmers prior to sampling procedures.
Vaccinations with the autogenous vaccine were carried out by trained
personnel and overseen by a veterinarian under regulations of the Veter-
inary Surgeons Act 1966.

Isolate collection

This study was implemented into a poultry processing system that was
functioning as usual. No farm setups, housing, placement of birds, hus-
bandry practices, feeding or age of slaughter were altered or disrupted for the
purpose of this study. Antimicrobials were not added to feed or used on the
chickens in this study. Sampling was conducted in two stages, pre-
vaccination and post-vaccination, as part of routine sampling for Campy-
lobacter by the poultry provider. The progeny from one vaccinated and one
control (non-vaccinated) breeder farm were followed through production.
For pre-vaccination sampling, Campylobacter isolates were sampled to
estimate isolate variation in caeca and on neck skin. From these isolates,
candidate “survivor” isolates were identified for inclusion in the vaccine.
Campylobacter is found at highest concentrations in the caecum. Therefore,
30 caeca samples from 30 x 34-38 day-old Ross broilers from a UK poultry
company were sampled across two days from 5 broiler farms (150 samples)

leading into one abattoir. Additionally, 30 neck skin samples were taken
from birds from the same flocks after 6 days of refrigerated storage at 3 °C
(150 neck skin flaps). This replicated the conditions of packaged meat
purchased in supermarkets and maximised the likelihood of identifying
isolates that can survive on food products (Supplementary Data 1).
Post-vaccination sampling was conducted to determine the effects of
the vaccine on Campylobacter isolate variation, both within the broiler gut
and on isolates persisting on poultry meat. Vaccinated and control (non-
vaccinated) populations were followed from the rearing stages in separate
cohorts (Fig. 2). Sixty caeca from 60 x 37-day old broiler birds from each of
the 5 broiler farms were sampled from the vaccinated progeny at peak
breeder immunity age (~48 weeks of age). This was approximately 30 weeks
after the second dose of vaccine was administered (300 samples). In parallel,
60 randomised neck skins were sampled from the same flocks 6 days after
slaughter (300 samples). Thirty caeca samples were collected from each of
the control population farms (150 samples) along with 30 neck skins from
the same flocks after 6 days of refrigerated storage at 3 °C (150 samples).

Culture and isolation

Caeca and neck skin samples were received by an outsourced contractor and
cultured onto mCCDA (PO0119A Oxoid Ltd, Basingstoke, UK) and
incubated at 42 °C in a microaerobic atmosphere for 48 hours according to
the ISO 10272-2:2006 method for Horizontal detection of Campylobacter.
Whole plate sweeps of lowest dilution (1 in 100 dilution from an initial 1 in
10 test dilution) of Campylobacter-positive samples (189 out of 300 pre-
vaccination, 679 out of 900 post-vaccination) were stored in 20% glycerol
stocks and stored at —80 °C. Samples were cultured from frozen glycerol
stocks and streaked onto mCCDA (PO0119A Oxoid Ltd, Basingstoke, UK)
with CCDA Selective Supplement (SRO155E Oxoid Ltd, Basingstoke, UK)
(to select for growth of C. jejuni and C. coli) and incubated at 42 °C for 48 h
in a microaerobic atmosphere (85% N, 10% CO,, and 5% O,) using
CampyGen Compact sachets (Thermo Fisher Scientific Oxoid Ltd,
Basingstoke, UK). Single colonies were isolated and streaked onto mCCDA
(PO0119A Oxoid Ltd, Basingstoke, UK) without supplement and incubated
for 48 h at 42 °C in the same microaerobic conditions. A single colony from
each plate was then sub-cultured onto Mueller-Hinton (MH) agar (CM0337
Oxoid Ltd, Basingstoke, UK) and grown for an additional 48 h at 42 °C
ready for DNA extraction. Enumeration of cfu/g was calculated for each
caeca and neck skin sample and is located in Supplementary Data 6.

Genome sequencing and assembly

DNA was extracted using the QIAamp DNA Mini Kit (QIAGEN, Crawley,
UK), according to manufacturer’s instructions. DNA was quantified using a
Nanodrop spectrophotometer before sequencing. Genome sequencing was
performed on an Illumina MiSeq sequencer using the Nextera XT Library
Preparation Kit with standard protocols. Libraries were sequenced using 2x
300bp paired-end v3 reagent kit (Illumina), following manufacturer’s
protocols. Short-read paired-end data was assembled using the de novo
assembly algorithm, SPAdes (version 3.10.0 35)”". The average number of
contigs was 355.10 (range: 28-1333) (pre-vaccination) and 863.58 (range:
273-2703) (post-vaccination) for an average total assembled sequence size
of 1.66 Mbp (range: 1.23 Mbp-1.98 Mbp) (pre-vaccination) and 1.48 Mbp
(range: 1.03 Mbp-2.74 Mbp) (post-vaccination) (Supplementary Data 1).

Phylogenetics and identification of survival-associated genetic
elements

To understand the genetic variation of pre-vaccination isolates, a core gene
alignment was constructed using MAFFT (version 7) with default para-
meters of minimum nucleotide identity of 70% over >50% of the gene and a
BLAST-n word size of 20. This was in comparison to reference NCTC11168
genome (accession number: NC_002163.1) for the 136 pre-vaccination
isolate genomes combined with an additional 958 genomes belonging to
chicken-associated lineages (Supplementary Data 2). A maximum-
likelihood (ML) phylogeny was constructed using FastTree version 2.1.8
and the Generalised time-reversibly (GTR) model of nucleotide evolution®
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(Fig. 1). A previous genome-wide association study comparing the variation
of isolate composition of Campylobacter on the farm, meat and in clinical
cases identified genetic elements associated with survival through poultry
processing”. The elements were divided into seven functional categories:
‘transport and binding proteins’, ‘cell envelope’, ‘energy metabolism’,
‘translation’, ‘amino acid biosynthesis’, hypothetical’ and ‘other’ (Supple-
mentary Data 4). The 70 x 30 bp genetic elements with the strongest asso-
ciation with survival (p value > 1.00 x 10) (Supplementary Data 4) were
used to identify isolates with the potential to “survive” through factory
processing in the pre-vaccination sampling dataset (136 genomes). The
30 bp “words” were blasted against the pre-vaccination genomes to identify
matches at 100% similarity. A presence-absence matrix was returned for
each genome (Fig. 1b).

Autogenous vaccine manufacturing
The four C. jejuni vaccine isolates were recovered from —80 °C storage by
inoculating Blood agar plates provided by Southern Group Laboratory,
Corby UK (SGL) with a microbank bead (Pro-Lab Diagnostics, Toronto
Canada) and incubating at 37 °C for 48 hours in a microaerobic atmosphere
(85% Ny, 10% CO,, and 5% O,) using CampyGen Compact sachets
(Thermo Fisher Scientific Oxoid Ltd, Basingstoke UK). For each vaccine
isolate a lawn was prepared by streaking colonies to a 1 cm* lawn on Blood
agar plates and incubating at 37 °C for 48 hours under the same micro-
aerobic conditions. Each batch of 120 plates was inoculated with 1.5 mL of
cell suspension (prepared from harvested biomass from the lawn plate into
nutrient broth + yeast extract (SGL)). The plates were incubated for
48 hours at 37 °C with CampyGen sachets to create a microaerobic atmo-
sphere. The cultures were harvested and inactivated by scraping the cell
mass into saline containing 39%w/v formaldehyde (Supplementary Fig. 6a).
In addition, one batch of each isolate was grown in 10 L fermenters
(Electrolab (Tewkesbury UK) Fermac 320 bench-top bioreactor control
system) with 7 litre working volume. The C. jejuni isolates were recovered
from —80 °C storage by inoculating a Blood agar plate with a Microbank
bead and incubated at 37 °C for 48 hours in a plastic pouch containing a
CampyGen Compact sachet. For each isolate 4 lawns were prepared by
streaking 2-3 colonies to 1 cm*lawns on Blood agar plates and incubating at
37 °C for 24 hours in a plastic pouch containing a CampyGen Compact
sachet. Each fermenter, containing 7000 ml of nutrient broth + yeast extract
(SGL) media was inoculated with cell suspension (prepared by harvesting
the 4 lawns into nutrient broth (SGL) using swabs) and injected through to
the fermenter by the inoculation port. The vessel was stirred at 300 rpm
using six blade Ruston impellers. Additionally, 10 ml of sterile Antifoam C
(Sigma) solution in water (1:4) was injected into the vessel at the time of
inoculation, to prevent any excessive foaming during bacterial growth. Each
fermenter batch culture was grown for 48 hours at 37 °C. After the com-
pleted growth phase, the culture was harvested by pumping out of the
fermenter vessel and inactivated with 39%w/v formaldehyde. Killed whole-
cell antigen was concentrated using centrifuge and enumerated using Helber
bacteria counting chamber (Hawskey, Sussex, UK) (Supplementary Fig. 6b).
A batch of finished vaccine product (FVP) was prepared by combining
antigen from both plate and fermenter grown batches to give a final cell
count for each isolate of 5x 10° cells/ml of FVP. The killed whole-cell
antigen was blended by stirring with saline, formal saline, and oil adjuvant to
form alow shear water-in-oil-in-water (W/O/W) emulsion (Supplementary
Fig. 6¢). The requirement from the Autogenous Vaccine Authorisation
(AVA) is to send a small volume of the autogenous vaccine (originating
from the same batch as the final vaccine product) to the farm for safety
testing (OFST) on a small group of target animals. After receiving feedback
from the farm veterinary surgeon, that the results of the safety test were
satisfactory, the final batch of vaccine product was released for dispatch and
shipped to the veterinary surgeon for use on the farm premises.

Vaccination protocol and antibody production
A whole farm (4 houses) of Ross breeder chickens (~40,000 birds) were
hyper-immunised by intramuscular injection with the oil-based autogenous

vaccine with two doses of 0.5 ml at 14 and 18 weeks of age (May 2018) (Fig.
2a, b) using a vaccine gun. Blood samples were wing-bled from 30 vacci-
nated and 30 control (non-vaccinated) breeder birds after the second dose of
vaccine was administered (18 weeks of age). This occurred at three time
intervals: (i) immediately after second immunisation (10 samples); (ii)
~35 weeks of age (10 samples); (iii) ~48-60 weeks of age (10 samples, peak
immunity). The same number of eggs were collected at matched time
intervals from vaccinated and control cohorts (Fig. 2b). When vaccinated
broiler breeder flocks had reached peak vaccine immunity age, blood
samples were taken from the wing vein of the broiler progeny of vaccinated
and unvaccinated breeder birds to monitor the effects of vaccine IgY. Ten
samples were also taken at three time intervals: (i) ~2 days after hatch; (ii)
2 weeks old; (iii) prior to slaughter (~37 days old) (Fig. 2b).

Antigen production from whole cells

Acid-soluble surface proteins were extracted from the C. jejuni vaccine
isolates using established protocols®”. Cells were harvested, washed twice in
phosphate-buffered saline (PBS) and re-suspended in 0.2 M glycine-HCI
(pH 2.2) (25 ml/g wet weight of cells) for 1 hour at room temperature while
rolling. The mixture was centrifuged for 10,000 g x 20 mins (1 hour at
4000 rpm) and the supernatant was dialysed over night at 4 °C using Slide-
A-Lyzer™ G2 dialysis cassettes against PBS and stored in aliquots at —20 °C.
Protein concentrations for all extracts were determined using the Pierce™
BCA Protein Assay Kit.

Enzyme-linked immunosorbent assay

Serum and egg yolk “anti-survivor” C. jejuni IgY antibodies were mon-
itored using Enzyme-linked immunosorbent assays (ELISA). Acid-
extracted (glycine hydrochloride) antigens of the Campylobacter vaccine
isolates were used as the capture protein, serum/egg yolk samples as the
target antibody and an anti-chicken IgY as the detection body. Microtiter
plates (Polysorb; Nunc, Denmark) were coated with 2 pg/ml of acid-
extracted surface proteins, both at 100ul/well of C. jejuni isolates 7916660,
7930870, 7939216, 7939276 in coupling buffer (0.05 M Na2CO3, pH 9.6)
overnight at 4 °C. The wells were washed three times with ELISA wash
buffer (0.85% [w/v] NaCl, 0.05% [v/v] Tween 20) and then probed with
100 pl chicken sera diluted (1:200) in ELISA diluent (ELISA wash con-
taining 1% [w/v] bovine serum albumin and 0.5% [w/v] Tris pH 7.4) for
2 hours at 37 °C. A preliminary ELISA (Supplementary Table 2) testing a
range of dilutions of sera from 9 weeks old C. jejuni colonised and control
birds was performed using a single dilution factor (1:200)"*”' chosen as a
result of good discrimination between the two groups. The wells were
washed as before and then probed with 100 pl goat anti-chicken IgG
conjugated to horseradish peroxidase (HRP) (Abcam #ab97135) (Sigma
Ltd.) secondary antibody diluted at 1:10000 in ELISA diluent for 30 min at
37 °C. After washing, 100 pl of 3,3’,5,5’-tetramethylbenzidene (Cambridge
Veterinary Services, Cambridge, UK) was added to each well and the
microplate incubated at room temperature. The reaction was stopped
after 10 min by the addition of 50 pul 2 M H,SO,. The absorbance was read
at 450 nm with wavelength correction at 620 nm on a Tecan Spark 10 M
microplate reader.

Statistical analysis

Statistical analyses were performed using the rstatix package. Overall dif-
ference of means (global test) between pre-vaccine, post-vaccine control and
post-vaccine vaccinated groups were carried out using the Kruskal-Wallis
test (non-parametric test for not normally distributed data). Pairwise
comparisons between means to test for significance (cutoff = p < 0.05, all p
values shown) were performed using non-parametric Mann-Whitney U-
tests. Student #-tests were performed to test for significance of difference in
vaccine-specific antibody titre. The threshold for outlier detection of neck
skin samples was determined as a 95% quantile of the exponential dis-
tribution fitted separately to cfug-counts of pre- and post-vaccine samples.
A lower threshold of the two different thresholds was applied for both
subsets of samples. A logistic regression model was fitted on the genomic
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data to estimate odds ratios representing different scenarios of isolates
escaping the effects of the vaccine isolates.

Modelling post-vaccination strain replacement

A list of 47 potentially antigenic Campylobacter genes was compiled
(Supplementary Data 5). Genetic variation at these loci was characterised in
pre- and post-vaccination Campylobacter genomes contextualised with the
additional 958 chicken-associated genomes (Fig. 1, Supplementary Data 2).
Mapped nucleotide sequences were translated to amino acids and aligned
using Clustal Omega (version 1.2.4)"*”. Pairwise hamming distances of
amino acid content between genomes were estimated using psdm (version
0.1.0)"* with gaps included as differences, and a distance matrix created.
Based on the vaccine trial data, a logistic regression model-based approach
was used to predict the expected population composition post-vaccination.
The post-vaccination survival probabilities of the isolates were estimated by
combining the relative normalised frequencies of vaccine inclusion isolates
belonging to a pre- vs post-vaccination population (intercept of the model),
with the minimum antigenic distances of the pre- and post-vaccine genomes
to one of the four vaccine isolates (model covariate). A range of meaningful
values of the model parameter theta were assessed for the best fit. An
appropriate theta (odds ratio) was chosen and applied to the distances from
the large context collection dataset to the four vaccine-inclusion isolates in
order to make predictions about the effect of the vaccine antigens against
other chicken-associated CCs.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability

Assembled genomes and supplementary material including large supple-
mentary datasets (Supplementary Data 1-6) are available from FigShare:
https://doi.org/10.6084/m9.figshare.25250239. Assembled genomes are also
available from the NCBI (National Center for Biotechnology Information),
associated with BioProject PRINA1033694). Individual accession numbers
can be found in Supplementary Data 2 and 3.

Code availability
The custom code used for logistic regression analysis was written in R and is
deposited in GitHub: https://github.com/jessicacalland/Logistic-regression.
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