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Abstract: The prevention of avian colibacillosis has historically been investigated through
vaccination, with variable outcomes. Commercial live (attenuated) and inactivated vaccines are
reported to have limited efficacy in the context of heterologous challenge. Autogenous vaccination,
using field isolates, is widely used, but scarcely documented. Different vaccination programs,
including a live commercial vaccine and/or an inactivated autogenous vaccine, were compared for
three different avian pathogenic Escherichia coli (APEC) strain (serotypes O78, O18 and O111)
challenges. On the pullet farm, four groups of conventional pullets received different vaccination
protocols. Group A was kept unvaccinated (control group). Group B was vaccinated three times
with a live commercial O78 E. coli vaccine (at one day old, 59 and 110 days of age). Group C was
immunized twice (at 79 and 110 days) with a three-valence autogenous vaccine (078, O18 and
O111). Group D was vaccinated first with the commercial vaccine (at one day old and 59 days), then
with the autogenous vaccine (110 days). Birds were transferred to the experimental facility at 121
days of age and were challenged 10 days later. In each group, 20 birds were challenged with one of
the three APEC strains (078, O18, O111); in total, 80 birds were challenged by the same strains (20
per group). The recorded outcomes were: mortality rate, macroscopic lesion score in target organs
and the bacterial recovery of the challenge strain from bone marrow and pooled organs. When
challenged with O78 or O111 strains, birds from groups C and D proved to be significantly better
protected, in terms of lesion scoring and bacteriological isolation, than those of groups A and B.
With the O18 challenge, only birds of group D presented a statistically significant reduction of their
lesion score. To the authors’ knowledge, this is the first report on the efficacy of an immunization
program in poultry that combines commercial and autogenous vaccines.
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1. Introduction

Escherichia coli is a Gram-negative bacterium that typically inhabits the intestine of vertebrates
and is considered a usual member of the digestive flora in animals. However, under favorable
circumstances, it may acquire genes associated with pathogenicity/virulence and cause clinical
disease in most domestic farmed species. Colibacillosis is a systemic fatal disease, which occurs when
an E. coli strain escapes digestive barriers and invades the internal organs. It is reported as the most
common infectious disease in poultry and is prevalent in laying production; its economic impact is
substantial in the poultry industry [1,2] and potentially in public health [3]. In commercial layers,
colisepticemia/polyserositis, peritonitis/oviduct infection/oophoritis, swollen head syndrome and
colibacillosis of the lower respiratory system have been described in adult birds, while omphalitis is
also observed in day-old chicks. The ability of such E. coli strains to cause localized and systemic
disease is termed avian pathogenic E. coli (APEC). It has been tentatively related to certain serotypes,
and is generally associated with a number of virulence factors [4—6]. The serotypes most frequently
reported to cause colibacillosis in poultry are O1, O2 and O78 [7,8], while many other serotypes have
been sporadically incriminated, such as O111 in layer chickens with colibacillosis and peritonitis
[9,10]. Research projects in India and Greece also reported the presence of O111 among various E. coli
serotypes in layers [11,12]. In Italy, investigations into colibacillosis outbreaks in laying hens
identified 15 different serotypes, with O78, O2 and O129 being dominant in some cases [13], while
078, 088 and O2 were found most frequently by others [14]. In the United Kingdom, MacPeake et al.
[15] found that the most prevalent serotype in layers was O78. A German study on colibacillosis in
layers and broilers identified O2, O78 and O1 as the most prevalent serotypes [16]. Additionally,
serotyping a collection of isolates obtained from different avian species from France, Spain and
Belgium between 1992 and 2000 identified O1, O2, O5, 08, O18 and O78 as the most important
serotypes [5]. Among APEC strains, multiple serogroups, as well as varied virulence factors, are
implicated in colibacillosis, with several alternative pathways seeming to lead to pathogenicity.

APEC strains can infect chickens (Gallus gallus) through different routes; however, respiratory
(inhalation of contaminated dust) and oral routes are considered the main infection pathways in
conventional laying production [17]. The extent to which cloacal ascending infection, leading to
salpingitis, influences intra-flock transmission among laying hens is not well understood, but is
documented [18]. Under experimental conditions, respiratory (inhalation of contaminated aerosol
and intratracheal inoculation) and intravaginal routes have been clearly demonstrated as efficient
transmission pathways [19]. The intratracheal inoculation route has been proposed as a standard
model, which is closer to mimicking the natural contamination of production birds [20-22]. Several
factors may impact on the receptivity of the birds’ lower respiratory tracts to APEC infection, such as
viral (infectious bronchitis virus) [21] or bacterial (Mycoplasma spp.) concurrent infections or
environmental stressors (high ammonia levels) [23,24].

Colibacillosis control has historically been performed through the curative and preventative use
of different classes of antimicrobials. However, increased antimicrobial resistance and a judicious use
of antibiotics now requires alternative control strategies to protect animal and public health [25]. The
implementation of such strategies started much earlier in laying hen production, because the
regulations on maximum residue levels in eggs for human consumption limited the products
available to poultry practitioners to a handful. The immunization of pullets/hens against colibacillosis
with live, inactivated or sub-unit vaccines has been reported, with variable outcomes [6]. Live
vaccines have been repeatedly proven to contribute positively to bird protection [26-30], although
exceptions have also been reported [31]. A commercial live vaccine is presently available in most
regions; it was registered in the EU in 2013 [32] and it is an attenuated O78 E. coli strain and provides
effective protection upon challenge with O78 wild strains [33]. However, this type of vaccine is less
efficient against heterologous strains (i.e., belonging to other serogroups) [23]. Inactivated vaccines
can also be effective against colibacillosis [34,35]. Autogenous vaccines are produced from pathogenic
strains isolated from within the affected flock where the vaccine will be used. They are widely used
in the field for colibacillosis control [36,37]. By nature, each autogenous vaccine is different, and
reports on the impact of their usage are sporadic. As far as colibacillosis in layers/breeders is
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concerned, two reports have been published, with a negative [38] and a positive outcome [37].
However, to the authors” knowledge, no publication has reported so far on the use of autogenous
vaccines in a colibacillosis vaccination program, together with a commercial vaccine, evaluated by
intratracheal challenge. The aims of the present study were multiple: i. to assess the efficacy of a
colibacillosis autogenous vaccine in conventional pullets upon challenge after the start of the laying
period, ii. to compare the preventative efficacy of this autogenous vaccine to that of a commercial live
vaccine and iii. to evaluate the combination of a live commercial vaccine and an autogenous vaccine
in an original immunization protocol.

2. Materials and Methods

2.1. Origin of Vaccinated Pullets

Pullets were reared on a conventional Greek farm with recurrent problems of colibacillosis:
increased mortality, macroscopic lesions of omphalitis, pericarditis and perihepatitis at necropsy.
Samples collected during the previous rearing cycles had repeatedly confirmed the presence of O78
and O111 strains of E. coli in the lesions. The farm consisted of two houses, each conducted an all-in
all-out policy, but not in synchrony. The trial protocol was shared with the famer and his staff before
the date scheduled for the reception of a new batch of day-old chicks. The 4000 conventional day-old
chicks (ISA Brown) were divided into four groups (A, B, C, D) of 1000 each in the hatchery. Day one
vaccination was performed at the hatchery against Marek disease (HVT + Rispens, Nobilis® Rismavac
+ CA126, MSD, Kenilworth, NJ, USA), Newcastle disease virus (Hitchner B1, Cevac® UNI L, Ceva
Animal Health, Libourne, France) and Infectious Bronchitis virus (Massachusetts B48 strain, Cevac®
Mass L, Ceva Animal Health). The four groups of chicks were placed in different rows inside the
same house and were all vaccinated against Newcastle disease, IBV, infectious bursal disease, avian
rhinotracheitis, Salmonella and infectious laryngotracheitis. These birds were sampled after hatching
and were resampled at the end of the rearing period for the serology (ELISA, Biochek, Reeuwijk, The
Netherlans) of Mycoplasma gallisepticum and Mycoplasma synoviae. All these tests provided negative
results. These birds remained in the same house until transfer at 121 days of age, the usual age to
transfer future laying hens to the egg production facility. Additionally, each group was subjected to
a different vaccination protocol against APEC:

Group A was left unvaccinated;

Group B was vaccinated (spray) with a live commercial vaccine against O78 (Poulvac® E. coli,
Zoetis), on days 1, 59 and 110;

Group C was vaccinated with an autogenous vaccine (intramuscular injection in the musculus
pectoralis) on days 79 and 110. The autogenous vaccine contained inactivated valences against O18,
078 and O111 and had been prepared in Good Manufacturing Practices GMP-compliant Biovac
laboratories (Ceva Animal Health, Beaucouzé, France);

Group D was vaccinated (spray) with a live commercial vaccine against O78 (Poulvac® E. coli,
Zoetis), on days 1 and 59, and then with the autogenous vaccine (intramuscular route) on day 110.

2.2. Transfer to Experimental Laying Facility

The experimental procedure was approved by the Animal Ethics Committee (46/5.12.2017) of
the University of Thessaly. At 121 days old, 80 pullets were randomly selected from group A and 60
birds from groups B, C and D and were transferred to the experimental units (Code: EL-41BIO/exp-
05) of the Department of Poultry Diseases, Faculty of Veterinary Medicine, University of Thessaly,
Karditsa, Greece. They were placed in rooms containing four pens each, each pen containing 20 birds
at a density of nine birds/m? in compliance with European Union’s Council Directive 74/EC/1999
[39]. In three rooms, each pen contained birds from the same group and each group (A, B, C, D) was
represented. In a fourth room, only one pen was occupied, by 20 pullets from group A (negative
control).
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The birds were reared in their pens for 10 days, with feed and water ad libitum, in order to
acclimatize them to their new environment. During this period, light duration was increased by 1 h
per week, reaching 16 h at 131 days old.

2.3. Experimental Inoculation

Challenge strains: three different E. coli strains were used for the challenge trial. An O78 strain
(ref. 170564) and an O111 strain (ref. 170655) that had recently been isolated from lesions of
pericarditis and perihepatitis, respectively, in pullets from a previous batch on the same farm were
used. Upon consultation with Ceva Biovac, France, on the design of the autogenous vaccine, it was
agreed to include a third valence with a historical O18 strain (ref.50176). The characterization of APEC
of the three strains was done according to the predictive model of virulence published by Schouler et
al. [5] (Table 1).

Table 1. Virulence genes identified and the genetic pattern for E. coli strains used for the autogenous
vaccine production.

Ref BIOVAC E.colistrain* iutA Al12 D7 A9 PAP FEL papGl papG2 GeneticPattern

170564 078 + + - - + + - + A
170655 0111 + + + - - + - - B
50176 018 + + + + - - - - B

*The three strains used for the autogenous vaccine production.

The pathogenicity of each of these strains had been assessed through experimental inoculation
in a previous experiment [40]. Briefly, groups of unvaccinated 105-day-old conventional pullets were
intratracheally challenged with one of the above E. coli strains (0.5 mL of a concentration
approximately 10° CFU/mL), in compliance with Antao et al. [22] and Landman et al. [19].
Pathogenicity was evaluated by recording mortality and scoring macroscopic lesions at necropsy
(heart, liver, air sacs, lungs, spleen); each strain was found to be pathogenic.

Preparation of the inoculum: strains were cultivated overnight in sheep blood agar (Bioprepare,
Greece). A single colony from each culture was then suspended in 50 mL of TSB broth and incubated
for 24 h at 37 °C The bacterial concentration was estimated through decimal dilutions of the TSB
suspension, spread on TSA agar, incubated for 24 h at 37 °C and then counted. The bacterial
concentrations (CFU/mL) used for challenge were 9.8 x 108, 1.1 x 10° and 1.6 x 10? for the O78, O111
and O18 strains, respectively.

Challenge: at 131 days of age, which corresponds to the start of the laying period in conventional
hens, each bird in the first three rooms was individually inoculated with 0.5 mL of the appropriate
bacterial suspension, with a curved canula, via the intratracheal route. Room #1 was challenged with
the O18 strain, room #2 with the O78 strain and room #3 with the O111 strain. The 20 birds in the 4th
room were challenged with saline, as a negative control.

Evaluation of pathogenicity: the birds were monitored on a daily basis for clinical signs.
Mortality was recorded daily, and all dead birds were removed from pens and necropsied.
Macroscopic lesions were evaluated according the scoring system described by Antao et al. [22],
which includes lesions on the heart, liver, spleen, thoracic air sacs and lungs. Peritonitis lesions were
also scored (Table 2).
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Table 2. Lesion scoring systems used for each target organ. Lesions were scored according to Antao
et al. [22], except for peritonitis, the scoring of which was based on the authors” observations.

Target

Score Description
organ

0: absence of lesions
1: presence of a small amount of fibrin in the pericardium and/or a minor change in
the transparency and thickness of pericardium
Air sacs (0-3)  2: presence of a medium amount of fibrin in the pericardium and/or an intermediate
change in the transparency and thickness of pericardium
3: presence of a massive amount of fibrin in the pericardium and/or an important
change in the transparency and thickness of pericardium

0: normal liver appearance
1: small presence of fibrine material on the liver surface, the changing of natural liver
color and texture
2: increased amount of fibrin covering the liver surface

Liver (0-2)

0: normal size and appearance of spleen

Spleen 1) 1: enlarged and congested spleen

0: normal transparent pericardium
1: pericardium is vascular, lack of transparency
2: increased pericardiac fluid that is (or is not) transparent
3: severe fibrinous pericarditis

Heart (0-3)

0: absence of lesions
1: presence of a limited affected area with necrosis/fibrin covering 1/5 of lungs
2: One or more lesions covering 2/5 of lungs
3: lesions covering %2 of lungs
4: lesions covering 4/5 of lungs
5: lesions covering 5/5 of lungs

Lungs (0-5)

0: absence of lesions
Peritonitis  (0-2) 1: presence of spots of fibrin inside the peritoneum
2: presence of mass fibrinous material inside the peritoneum

Seven days after the experimental challenge, all the surviving birds were humanely euthanized
and immediately necropsied. Macroscopic lesions were evaluated in the same way. During necropsy,
samples were collected from all birds (1 = 260), to attempt to cultivate E. coli from the femoral bone
marrow and from a pool of internal organs (heart, liver, spleen and air sacs).

All the samples were cultured on MacConkey agar (Bioprepare, Greece) and sheep blood agar
(Bioprepare, Greece). Suspect colonies and isolates were sent to Ceva Biovac’s Laboratory for
identification confirmation and serotyping, respectively. Three primary outcomes were considered:
mortality rate, total macroscopic lesion score and isolating the challenge strain from dead/euthanized
birds.

2.4. Statistical Analysis

Difference in lesion scores were assessed using the Kruskal-Wallis test. When significant
differences were observed, a pairwise Mann-Whitney post hoc test with Bonferroni correction was
performed. A total lesion score was calculated for each bird, being the sum of all organ scores.

Differences in the number of deaths between groups was evaluated by Fisher’s exact test. A
similar approach was used to compare the frequency of challenge strain re-isolation. The level of
significance was set to p < 0.05 for all considered methods.

3. Results

3.1. Clinical Signs

Depression, ruffled feathers, nasal exudates, coughing and gasping appeared in the days
following the challenge in birds from groups A and B, independent of the challenge strain. Birds in
groups C and D did not show any clinical signs, apart from a pronounced reduction in water and
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feed intake over the hours following the experimental challenge. Birds from the negative control
group maintained their natural appetite and behavior over the seven-day observation period. The
results are detailed for the three primary outcomes.

3.2. Mortality

The seven-day mortality is shown in Table 3. In the O78 challenge, dead birds were observed
only in groups A and B, with a statistically significant higher mortality rate (p-value = 1.966094x 10-5)
than in groups C and D. No significant differences between groups were found in the O18 and O111
challenges (p-value = 1 and 0.24, respectively).
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Table 3. Mortality, total and mean scoring for macroscopic lesions per organ in the O78, O18 and O111 challenge trials. Macroscopic lesion scores are expressed for

each organ by mean + standard deviation.

Challenge strain 078 018 0111
Vaccination A B C D A B C D A B C D
protocol
, 9/202 7/20° 0/20° 0/20 2/20
Mortality (% 0/20 (0%)  1/20 (5%)  1/20 (5%)  0/20 (0% 0/20 (0%)  0/20 (0%) ~ 0/20 (0%
ortality (%) (45%) (35%) (0%) (0%) /20 (0%) /20 (5%) 120 (5%) /20 (0%) (10%) /20 (0%)  0/20 (0%)  0/20 (0%)
1.050+ 1.65% + 1.55%+ 1.55%+ 055+ 0.55b+
a a b a b a
Heart 2a+(.72 22+(0.85 1v+0.45 051 1.52+0.76 1.03 0.99 0.8+1.00 1.62+0.99 051 0.51 0.51
Liver 1.32+0.80 1.12+0.78 0°+0.00 0.1°+0.44 O(fSSZi 09+0091 0.9+1.02 0(.)5.365; 06?22i 0.62+0.68 0b+0.00 0.1°+0.30
0.95 = 0.952+
Spleen 1+0.00 0.22 1+0.00 1+0.00 022 0.8+0.41 0.92+0.30 0.5*+0.51 12+0.00 12+0.00 0.66+0.50 0.6°+0.50
1.75% + 1.2b+ 1.25+ 1.752+ 1.552+ 0.55P+ 0.75b+
1 a a a a b
Air sacs 0.78 2a+(0.72 0.61 0.85 078 0.75 1.62+0.94 0.75 1.42+0.59 1.62+0.50 0.55 0.66+0.50
1.33b+ 0.65 +
Lungs 2.152+142 1.6**+1.23 1*+0.79 0.80 1.6 +0.75 1.2 +0.89 1.1+1.02 1.1+1.16 13+138 0.7+0.73 09+0.85 0.74
.6ab+ 952+ 952+ 952+
Peritonitis 1194055  1940.64  02°+041 0.45+0.50 00. 8; 00. . 8+ 00. . 8+ 020:052 ° i 8+ 084052  0°+0.00 0.1°+0.30
8.652+ 44>+ 6.952+ 7.052+ 6.252+
a b a b a b b
Total 9.31+2.57 o4 L35 SlE204 U0 206 7402 35°+300 72274 UOT 28136 260172
3.4b+ 6.25%+ 5.253+
Total w/ospleen*  83'£257 77x314 0 41°:204 6297 . 6194487  3°+286  6.29+2.74 Tqp  22x128 20x141

* The lesion score of spleen has been subtracted. No results are reported for the non-vaccinated non-challenged group (negative control) due to a total
lack of mortality and macroscopic lesion scoring for each euthanized bird. a,b: values without superscript do not differ significantly (p > 0.05), while different
superscripts in the same row correspond to statistically significant differences between groups (p < 0.05)
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3.3. Mean Organ Lesion Scores

The mean lesion scores (per organ and total) are detailed for each group and challenge trial in
Table 3.

In the O18 challenge, group D presented a significantly lower heart mean lesion score (p-value
= 0.01672) compared to group A. The liver and lung mean lesion scores were not significantly
different between these groups (p-value = 0.1574 and 0.1304, respectively). The air sac mean lesion
score from Group D was also significantly lower than that of any other group (p-value = 0.0001195).
The spleen mean lesion score was also significantly lower in group D than in groups A and C (p-value
= 0.002427). A comparable significant result was observed for the peritonitis mean lesion score
between group D and groups B and C (p-value = 0.0102). Overall, groups A, B and C presented a
comparable, elevated mean total lesion score, while that of group D was significantly lower (p-value
=0.001858), even when the splenic lesion score was subtracted (p-value = 0.002819).

In the O78 challenge, groups C and D presented significantly lower mean lesion scores for heart
(p-value = 3.987 x 1077), liver (p-value = 2.534 x 10-) and peritonitis (p-value = 2.823 x 10-%), as well as
a lower total mean lesion score (p-value = 6.477 x 10-8). The splenic mean lesion score was not
statistically different between groups (p-value = 0.3916). In groups C and D, the mean air sac lesion
score was significantly lower than in group B (p-value = 0.002458). The mean lung lesion score was
significantly lower in group C as compared to group A (p-value = 0.02745).

In the O111 challenge, groups C and D presented significantly lower mean lesion scores for heart
(p-value = 7.33 x 107), liver (p-value = 4.357 x 10-%), spleen (p-value = 0.0001912), air sacs (p-value =
7.576 x 107), peritonitis (p-value =9.929 x 10-9) and total mean score (p-value = 3.293 x 10-%) than groups
A and B. The mean lung lesion score was not statistically different between groups.

3.4. Re-isolation of the Challenge Strains

The results of the bacteriological isolation of the challenge E. coli strains from bone marrow and
pooled organs in the corresponding groups are detailed in Table 4.

In the O18 challenge, there was no statistically significant difference for the frequency of strain
recovery between groups from neither bone marrow (p-value = 0.43) nor pooled organs (p-value =
0.0853). However, the lowest number of isolations was achieved in group D.

In the O78 challenge, groups C and D presented a significantly lower number of birds allowing
the re-isolation of the challenge strain from bone marrow (p-value = 4.357553 x 1077) and pooled
organs (p-value = 1.59604 x 10-19) than in groups A and B. When the isolation results are considered
at the individual bird level (positive for either sample), the same significant difference was observed.

In the O111 challenge, re-isolation failed from both organs for all birds in groups C and D (bone
marrow: p-value = 0.05; pooled organs: p-value = 5.9358 x 107), compared to groups A and B. No
significant difference was observed between groups A and B, as far as the re-isolation of the challenge
strain was concerned.



Vet. Sci. 2020, 7, 80

Table 4. Bacteriological isolation of the challenge E. coli strains from bone marrow and pooled internal organs in the corresponding groups.

9 of 14

Nature of Sample

Bone marrow

Pooled organs

Birds*

Challenge strain Challenge strain Challenge strain
078 018 0111 Total 078 018 0111 Total 078 018 0111 Total
A: No vaccination 11/20 3/20 4920  18/60 15220 8/20 12220 35/60 162/20 9/20 12320 37/60
B: Live O78 vaccine (x3) 13420 5/20 1220 19/60 15220 8/20 4*/20 27/60 162/20 10/20  42*/20  30/60
C: Autogenous vaccine (x2) 0v/20  4/20 020  4/60 1%/20  9/20 0420  10/60  1»20  9/20  0v»/20  10/60
D: Live O78 (x2) + autogenous vaccine (x1) 2020 1/20  0»/20  3/60  4»20 3/20 020  7/60 4520  3/20 020  7/60

* A bird is considered positive when re-isolation is achieved from bone marrow, from pooled organs or both. No results are reported for the non-vaccinated non-
challenged group (negative control) because E. coli strain isolation was not found in any euthanized bird. a,b: values without superscript in the same column do not
differ significantly (p > 0.05), while different superscripts correspond to statistically significant differences between groups (p-value < 0.05).
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4. Discussion

This experimental evaluation of different pullet APEC vaccination programs demonstrates
through three primary outcomes (mortality, mean lesion score and challenge strain re-isolation) that
autogenous vaccination provides a significant improvement in the protection level, either alone or in
combination with a live commercial vaccine. To the authors’ knowledge, this work is the first to
explore such a combined use of avian colibacillosis immunization methods.

The experimental model used in the present experiments builds on previous pathogenicity trials
that have established both inoculum concentration and the route of infection. The intratracheal route
was chosen because it mimics the natural way birds are infected in the field. It has been standardized
for APEC inoculation by Antao et al. [22], who used different concentrations of bacterial suspension,
ranging from 107 to 10° CFU/mL. Additionally, Landman et al. [19] aimed at reproducing E. coli
peritonitis by challenge through different routes, including the intratracheal route, with inoculum
quantities ranging from 10° to 10° CFU/hen. In previous pathogenicity trials, our team confirmed,
with O78 and O111 strains isolated from the same pullet-rearing farm and with the O18 reference
strain, that the inoculation of 0.5 mL of a bacterial suspension at approximately 10° CFU/mL via the
intratracheal route is a valid model for reproducing avian colibacillosis [40]. Under experimental
conditions, the spectrum of protection conferred by immunization has been explored by different
authors and is generally considered to reach almost full protection in homologous challenge
conditions and rarely so with heterologous challenge [31,37].

Although autogenous vaccine use is widespread in the poultry industry, especially in birds with
along production life (breeders, laying hens, turkeys, etc.), there are a limited number of publications
reporting on their efficacy. Landman and Van Eck [37] reported on the protection provided by an
autogenous vaccine prepared from an APEC strain isolated from the bone marrow of birds with egg
peritonitis syndrome. The homologous experimental challenge demonstrated that pullets were
almost fully protected, while the heterogenous challenge provided inconclusive results. The present
experiment relates to both homologous (groups C and D) and heterologous (group B) challenge
conditions. In groups C and D, the autogenous vaccine was prepared from inactivated APEC strains.
In group B, although the live commercial vaccine contained an O78 strain, it may have differed from
the field O78 strain present on the farm, and it was not expected to provide protection against the
O111 strain also circulating on that farm [6], since the product’s specification did not include non-
078 APEC strains [32]. This is further substantiated by the O18 experimental challenge on group B,
where even though no mortality was induced in unvaccinated birds (that strain had proved
pathogenic in the same model on another occasion, Koutsianos et al., [40]) and other authors mention
field cases of colibacillosis linked to O18 strains (Blanco et al., [41]; Dou et al., [42]), limited protection
was observed; mortality, mean total lesion score and challenge strain re-isolation were not
significantly different from those in non-vaccinated birds (group A). Nevertheless, the extent of
heterologous protection needs further exploration, since group D (mixed vaccination program)
showed milder clinical signs, a lower re-isolation rate and a significantly lower mean lesion score
than all other groups (A—-C) upon O18 challenge. The combination of live and autogenous vaccines
seems to have triggered a wider immunization spectrum, as observed in turkeys by Sadeyen et al.
[43]. In commercial broilers, the immune response produced by a spray live vaccine against E. coli is
mainly a cellular response, especially relevant to the sites in contact with the pathogen, as indicated
by data obtained by Filho et al. [44].

In the O78 challenge, the pathogenic effect of the strain on the birds was immediate and
profound. This is in line with field [10,45] as well as experimental challenges (aerosol inoculation) in
Gallus gallus [46]. There was no significant difference between groups A and B in any of three primary
outcomes, substantiating the limited protection provided by the live commercial vaccine against the
present field O78 strain. On the other hand, birds in groups C and D proved significantly protected
against that strain, for these same criteria. The significantly lower recovery of the challenge strain
suggests that the immune protection elicited by the vaccination programs used in groups C and D
effectively stopped the systemic diffusion of the APEC strain in birds. Vaez Zadah et al. [47] reported
that a booster dose of an O2 outer membrane protein (OMP)-based vaccine induces a significant
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increase in specific antibody titers. In contrast, Li et al. [38] reported the limited clinical efficacy of an
078 autogenous vaccine even though they measured a significant rise in antibody titers but used
different vaccination (subcutaneous) and inoculation (intra-oviduct) routes in broiler breeders. Most
publications, however, report reduced mortality and macroscopic lesions as the common outcome of
E. coli O78 vaccination, regardless of the vaccine used and experimental inoculation route [27-30].

The O111 challenge confirmed the pathogenicity of that strain (group A), although with a more
limited impact on both mortality and lesions than that of the O78 strain. This has been reported from
field cases [9-11]. The pathogenicity of an O111 strain was also reproduced through the
intramuscular inoculation of both specific-pathogen-free (SPF) and conventional pullets by Zanella
et al. [9]; the oronasal route proved less efficient under these experimental conditions. In the present
work, groups C and D evidenced a significantly improved protection in terms of mean lesion score,
and group D in terms of mean lesion score and challenge strain re-isolation. A comparison with the
group B results allows us to infer that the improved protection may be ascribed to the use of the
autogenous vaccine.

Different virulence factors and different combinations thereof can be present in different APEC
strains [16,23], while some virulence factors are also present in non-pathogenic E. coli strains [17].
That may partly explain why wide heterologous protection is difficult to achieve. Until an
immunogenic protein common to APEC strains is identified, autogenous vaccines may fill the gap
left by the limited spectrum of the commercially available vaccines. On the other hand, the
combination of both vaccine types in a common immunization program seems to be a promising tool
to limit the welfare, health and economic impacts of colibacillosis and the antimicrobial footprint of
the laying industry.

5. Conclusions

Several immunization programs against colibacillosis in pullets were assessed against
experimental challenges. Two applications of an autogenous vaccine consisting of 078, 0111 and O18
strains and two applications of a live commercial vaccine combined with a single application of the
autogenous vaccine provided a significant positive effect against intratracheal challenge with either
the O78 or O111 strain. Furthermore, the results of the O18 challenge point to the idea of combining
both vaccine types in order to expand heterologous protection since only the group that had been
vaccinated with both vaccine types presented a statistically significant reduction in mean lesions.
Further investigation should be undertaken to better characterize this observation. In the context of
limiting antimicrobial usage in the poultry industry and, given the importance of avian colibacillosis
in terms of animal welfare and potential public health impact, an effective and multi-serotype
vaccination program is a long-awaited strategy. The combination of commercial and autogenous
vaccines seems a promising preventive management tool.

Author Contributions: Conceptualization, K.C.K,, H.G. and E.T.; methodology, D.K.; software, M.L. and G.F.;
validation, K.C.K, H.G. and E.T.; formal analysis, M.L. and G.F.; investigation, D.K. and K.C.K,; resources, H.G.
E.T. and K.CK,; data curation, G.F. and D.K.; writing—original draft preparation, D.K.; writing—review and
editing, G.F., M.C., K.C.K,; supervision, K.C.K.; project administration, K.C.K.; funding acquisition, K.C.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by CEVA BIOVAC, FRANCE, grant number 5397.01, University of Thessaly,
Greece.

Acknowledgments: The authors would like to thank Mieke Matthijs for her valuable guidance regarding the
experimental challenge model and the generous offer of the intratracheal inoculation.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.



Vet. Sci. 2020, 7, 80 12 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Barnes, H.J.; Nolan, L.K; Vaillancourt, ].P. Colibacillosis in poultry. In Diseases of Poultry, 12 ed.; Saif,
Y.M,, Fadly, AM.,, Glisson, J.R., McDougald, L.R., Nolan, L.K., Swayne, D.E. Publisher: Blackwell
Publishing, Ames, IA, USA, 2008;.pp. 691-732.

Brugere-Picoux, J.; Vaillancourt, J.P.; Bouzouaia, M.; Venne, D.; Shivaprasad, H.L. Manual of poultry
diseases, 1st ed.; Association Frangaise pour I’Advancement des Sciences, Paris, France, 2015; pp. 300
315.

Lutful Kabir SM. Avian colibacillosis and salmonellosis: A closer look at epidemiology, pathogenesis,
diagnosis, control and public health concerns. Inter. |. of Environ. Res. in Publ. Heal. 2010, 7 (1), 89-114.
La Ragione, R.M.; Woodward, M.]. Virulence factors of Escherichia coli serotypes associated with avian
colisepticaemia. Res. in Vet. Sci. 2002, 73, 27-35.

Schouler, C.; Schaeffer, B.; Brée, A.; Mora, A.; Dahbi, G.; Biet, F.; Oswald, E.; Mainil, J.; Blanco, J.;
Moulin-Schouleur, M. Diagnostic strategy for identifying avian pathogenic Escherichia coli based on
four patterns of virulence genes. J. of Clin. Microbiol. 2012, 50(5),1673-1678.

Ghunaim, H.; Abu-Madi, A.M.; Kariyawasam, S. Advances in vaccination against avian pathogenic
Escherichia coli respiratory disease: Potentials and limitations. Vet. Microbiol. 2014, 172, 13-22.
Dho-Moulin, M.; Fairbrother ].M. Avian pathogenic Escherichia coli (APEC). Vet. Res. 1999, 30 (2-3), 299-
316.

Chart, H.; Smith, H.R;; La Ragione, RM.; Woodward, M.]. An investigation into the pathogenic
properties of Escherichia coli strains BLR, BL21, DH5alpha and EQ1. ]. Appl. Microbiol. 2000, 89 (6), 1048—
1058.

Zarnella, A.; Alborali, G.L.; Bardotti, M.; Candotti, P.; Guadagnini, P.F.; Anna Martino, P.; Stonfer, M.
Severe Escherichia coli O111 septicaemia and polyserositis in hens at the start of lay. Avian Path 2000, 29
(4), 311-317.

Trampel, D.W.; Wannemuehler, Y.; Nolan, L. K. Characterization of Escherichia coli isolates from
peritonitis lesions in commercial laying hens. Avian Dis. 2007, 51 (4), 840-844.

Srinivasan, P.; Balasubramaniam, G.A.; Krishna Murthy, T.R.G.; Balachandran, P. Bacteriological and
pathological studies of egg peritonitis in commercial layer chicken in Namakkal area. Asian Pac. J. of
Trop. Biomed. 2013, 3 (12), 988-994.

Koutsianos, D.; Athanasiou, L.; Mossialos, D.; Koutoulis, K. Study on prevalent serogroups and
antimicrobial sensitivity profile of Escherichia coli strains isolated from commercial layer and layer
breeder flocks in Greek territory. In Proceedings of XXth International Congress of the World
Veterinary Poultry Association, Edinburgh, Scotland, 4-8 September 2017, pp. 356.

Camarda, A ; Circella, E.; Pennelli, D.; Battista, P.; Di Paola, G.; Madio, A.; Tagliabue, S. Occurrence of
pathogenic and faecal Escherichia coli in layer hens. Ital. ]. of Anim. Sci. 2008, 7, 385-389.

D’Incau, M.; Pennelli, D.; Lavazza, A.; Tagliabue, S. Serotypes of E. coli isolated from avian species in
Lombardia and Emilia Romagna (North Italy). Ital. ]. of Anim. Sci. 2006, 5, 298-301.

McPeake, S.J.W.; Smyth, J.A; Ball H.J. Characterization of avian pathogenic Escherichia coli (APEC)
associated with colisepticaemia compared to faecal isolates from healthy birds. Vet. Microbiol. 2005,
110, 245-253.

Ewers, C.; Janlen, T.; Kiefiling, S.; Philipp, H.; Wieler, L.H. Molecular epidemiology of avian
pathogenic Escherichia coli (APEC) isolated from colisepticemia in poultry. Vet. Microbiol. 2004, 104, 91—
101.

Dziva, F.; Stevens, M.P. Colibacillosis in poultry: Unravelling the molecular basis of virulence of avian
pathogenic Escherichia coli in their natural hosts. Avian Path 2008, 37 (4), 355-366.

Ozaki, H.; Murase, T. Multiple routes of entry for Escherichia coli causing colibacillosis in commercial
layer chickens. J. of Vet. Med. Sci. 2009, 71 (12), 1685-1689.

Landman, W.J.M.; Heuvelink, A.; Van Eck, J.H.H. Reproduction of the Escherichia coli peritonitis
syndrome in laying hens. Avian Path 2013, 42 (2), 157-162.

Pourbakhsh, S.A.; Boulianne, M.; Martineau-Doizé, B.; Dozois, C.M.; Desautels, C.; Fairbrother, J.M.
Dynamics of Escherichia coli infection in experimentally inoculated chickens. Avian Dis 1997, 41 (1), 221-
233.



Vet. Sci. 2020, 7, 80 13 of 14

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Matthijs, M.G.; Van Eck, ].H.; Landman, W.].; Stegeman, J.A. Ability of Massachusetts-type infectious
bronchitis virus to increase colibacillosis susceptibility in commercial broilers: A comparison between
vaccine and virulent field virus. Avian Path 2003, 32 (5), 473-481.

Antao, EM.; Glodde, S.; Li, G.; Sharifi, R.; Homeier, T.; Laturnus, C.; Diehl, I; Bethe, A.; Philipp, H.C,;
Preisinger, R.; Wieler, L.H.; Ewers, C. The chicken as a natural model for extraintestinal infections
caused by avian pathogenic Escherichia coli (APEC). Microb. Pathogenes 2008, 45, 361-369.

Guabiraba, R.; Schouler, C. Avian colibacillosis: Still many black holes, FEMS Microbiol Let 2015, 362.
Liu, Q.X,; Zhou, Y.; Li, X.M.; Ma, D.D,; Xing, S.; Feng, ].H.; Zhang, M.H. Ammonia induce lung tissue
injury in broilers by activating NLRP3 inflammasome via Escherichia/Shigella. Poult. Sci. 2020, doi
https://doi.org/10.1016/j.psj.2020.03.019.

OIE. Strategy on antimicrobial resistance and the Prudent Use of Antimicrobials. 2016. Available
online: https://www.oie.int/fileadmin/Home/eng/Media_Center/docs/pdf/Portail AMR/EN_OIE-
AMRstrategy.pdf (accessed on 4 May 2020).

Frommer, A.; Freidlin, P.J.; Bock, R; Leitner, G.; Chaffer, M.; Heller, E.D. Experimental vaccination of
young chickens with a live, non-pathogenic strain of Escherichia coli. Avian Path 1994, 23, 425-433.
Cookson, K.; Macklin, K.; Giambrone, J. The efficacy of a novel live E. coli vaccine using a broiler skin
challenge model. In Proceedings of the XXIII World’s Poultry Congress, Brisbane, Australia, July 2008,
Abstract 1568.

Nagano, T.; Kitahara, R.; Nagai, S. An attenuated mutant of avian pathogenic Escherichia coli serovar
O78: A possible live vaccine strain for prevention of avian colibacillosis. Microbiol. and Immunol. 2012,
56, 605-612.

La Ragione, R.M.; Woodward, M.].; Kumar, M.; Rodenberg, J.; Fan, H.; Wales, A.D.; Karaca, K. Efficacy
of a Live Attenuated Escherichia coli O78:K80 Vaccine in Chickens and Turkeys. Avian Dis 2013, 57, 273—
279.

Mombarg, M.; Bouzoubaa, K.; Andrews, S.; Vanimisetti, H.D.; Rodenberg, J.; Karaca, K. Safety and
efficacy of an aroA-deleted live vaccine against avian colibacillosis in a multicentre field trial in broilers
in Morocco. Avian Path 2014, 43 (3), 276-281.

Kariyawasam, S.; Wilkie, B.N.; Gyles, C.L. Construction, characterization and evaluation of the vaccine
potential of three genetically defined mutants of avian pathogenic Escherichia coli. Avian Dis 2004, 48,
287-299.

EMA. Summary of the European Public Assessment Report (EPAR) for Poulvac E. coli. 2013. Available
online: https://www.ema.europa.eu/en/medicines/veterinary/EPAR/poulvac-e-coli (accessed on 4
May 2020).

Galal, HM.; Tawfek, A.M.; Abdrabou, M.I.; Hessain, A.M.; Alhaaji, J.H.; Kabli, S.A.; Elbehiry, A,;
Alwarhi, W.K.; Moussa, I.M. Recent approaches for control of E. coli and respiratory complex in Middle
East. Saudi ]. of Biol. Sci. 2018, 25 (7), 1302-1307.

Gomis, S.; Babiuk, L.; Allan, B.; Willson, P.; Waters, E.; Hecker, R.; Potter, A. Protection of chickens
against a lethal challenge of Escherichia coli by a vaccine containing cpg oligodeoxynucleotides (cpg-
odn) as an adjuvant. Avian Dis 2007, 51 (1), 78-83.

Gregersen, R.H.; Christensen, H.; Ewers, C.; Bisgaard, M. Impact of Escherichia coli vaccine on parent
stock mortality, first week mortality of broilers and population diversity of E. coli in vaccinated flocks.
Avian Path 2010, 39 (4), 287-295.

Hera, A.; Bures, ]. Veterinary autogenous vaccines. Develop in Biol. (Basel) 2004, 117, 19-25.

Landman, W.J.M.; Van Eck, ] H.H. The efficacy of inactivated Escherichia coli autogenous vaccines
against the E. coli peritonitis syndrome in layers. Avian Path 2017, 46 (6), 658—665.

Li, L.; Thefner, I.; Christensen, J.P.; Ronco, T.; Pedersen, K.; Olsen, R.H. Evaluation of the efficacy of an
autogenous Escherichia coli vaccine in broiler breeders. Avian Path 2017, 46 (3), 300-308.

Council Directive 1999/74/EC. Laying down minimum standards for the protection of laying hens.
Official Journal of the European Communities, L203, 1999, pp. 53-57. Available online: https://eur-
lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:31999L0074&from=EN (accessed 4 May
2020).

Koutsianos, D.; Gantelet, H.; Athanasiou, L.; Mossialos, D.; Thibault, E.; Koutoulis, K. (2018).
Pathogenicity testing of 3 Escherichia coli strains after intramuscular and intratracheal experimental



Vet. Sci. 2020, 7, 80 14 of 14

41.

42.

43.

44.

45.

46.

47.

challenge in commercial layers. In Proceedings of XIVth Pan-Hellenic Veterinary Congress,
Thessaloniki, Greece, 11-13 May 2018.

Blanco, J.E.; Blanco, M.; Mora, A.; Jansen, W.M.; Garcia, V.; Vazquez, M.L.; Blanco, J. Serotypes of
Escherichia coli isolated from septicaemic chickens in Galicia (Northwest Spain). Vet. Microbiol. 1998, 61,
229-235.

Dou, X.; Gong, J.; Han, X.; Xu, M.; Shen, H.; Zhang, D.; Zhuang, L.; Liu, ].; Zou, J. Characterization of
avian pathogenic Escherichia coli isolated in eastern China. Gene 2016, 576, 244-248.

Sadeyen, ].R.; Wu, Z.; Davies, H.; Van Diemen, P.M.; Milicic, A.; Roberto, M.; La Ragione, R.M.; Kaiser,
P.; Stevens, M.P.; Dziva, F. Immune responses associated with homologous protection conferred by
commercial vaccines for control of avian pathogenic Escherichia coli in turkeys. Vet. Res. 2015, 46 (5).
Filho, T.F.; Favaro, C.Jr.; Ingberman, M.; Beirdo, B.C.; Inoue, A.; Gomes, L.; Caron, L.F. Effect of spray
Escherichia coli vaccine on the immunity of poultry. Avian Dis 2013, 57, 671-676.

Vandekerchove, D.; De Herdt, P.; Laevens, H.; Pasmans, F. Risk factors associated with colibacillosis
outbreaks in caged layer flocks. Avian Path 2004, 33 (3), 337-342.

Peighambari, S.M.; Julian, R.J.; Gyles, C.L. Experimental Escherichia coli respiratory infection in broilers.
Avian Dis 2000, 44, 759-769.

Vaez Zadeh, F.; Esmaily, F.; Sharifi-Yazdi, M.K. Protective immune responses induced in chickens by
outer membrane proteins extracted from different strains of Escherichia coli. Iran. J. of Aller, Asth. and
Immunol. 2004, 3, 133-137.

© 2020 by the authors. Licensee MDP], Basel, Switzerland. This article is an open access
@ ® article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



	1. Introduction
	2. Materials and Methods
	2.1. Origin of Vaccinated Pullets
	2.2. Transfer to Experimental Laying Facility
	2.3. Experimental Inoculation
	2.4. Statistical Analysis

	3. Results
	3.1. Clinical Signs
	3.2. Mortality
	3.3. Mean Organ Lesion Scores
	3.4. Re-isolation of the Challenge Strains

	4. Discussion
	5. Conclusions
	References

