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a  b  s  t  r  a  c  t

The  aim  of  this  study  was  to  evaluate  an  experimental  Salmonella  Enteritidis  (SE)  bacterin  and  an  indi-
rect  ELISA  system  to assess  quantitatively  the  acquired  immunity  in  Awassi  ewes  to  the  vaccine  and/or
Echinacea  purpurea  (EP)  dried  roots.  Four  treatments  of  the  ewes  were  included  in  the  experimental
design,  with  6 ewes/treatment.  The  first  treatment  (T1)  had  the  controls  that were  non-vaccinated  and
non-treated  with  EP.  The  T2  ewes  were  only  treated  with  EP.  The  T3  and  T4  ewes  were  vaccinated  at
D1  (initiation  of trial)  and  D10, while  the  T4 ewes  were  additionally  administered  the  EP dried  roots.
Blood  was  collected  from  the  jugular  vein  of  all  ewes  at D1,  D10,  D21  and  D45.  The  construction  of  the
vaccine  and  the ELISA  are  detailed  within  the  manuscript.  The  ELISA  was  able  to  detect  quantitatively
the significant  acquired  primary  and  secondary  immunity  to  the  vaccine  in T3  and  T4  ewes,  compared
to  their  low  level  of  background  immunities  at initiation  of the  experiment  (p  <  0.05).  In addition,  the
ELISA  detected  the  absence  of  seroconversion  at all blood  sampling  times  (p > 0.05)  in T1  control  ewes,

i An update to this article is included at the end
and  in  the  T2  ewes  that  were  given  only  the (EP)  (p > 0.05).  Moreover,  the  ELISA  was  able  to uncover  the
significant  seroconversion  of secondary  immune  response  in  T4  ewes  at D21  compared  to that  at D10
(p  <  0.05),  and  the  absence  of significant  seroconversion  of  secondary  response  in T3  ewes.  This  is  the first
work  in  literature  that  reports  the  need  to supplement  the vaccination  by the experimental  SE bacterin
with  daily  oral  intake  of 250  mg  of EP-dried  roots,  effective  the  first vaccination  day  and  up to  21 days,

ly  sig
for  obtaining  a statistical

. Introduction
The Salmonella Enteritidis (SE) is the most common serovar
n poultry and other wide spectrum of hosts [1]. The use of
almonella-contaminated chicken litter, as a soil conditioner, is
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nificant  seroconversion.
© 2015  Elsevier  Ltd.  All  rights  reserved.

a common practice in most developed and developing countries,
including Lebanon [2–4]. It is documented that SE organisms per-
sisted in the litter for the whole period of 26 months sampling, and
in soil for 8 months, and caused the infection of different mam-
malian species that were in direct contact with the contaminated
soil [5,6].
The SE is the causative agent of the most common human
salmonellosis in Europe, originating from the consumption of
contaminated animal products [7]. Vaccine development against
economic diseases in domestic ruminants is in progress, due to
emergence of new escape mutants, and pathogens adapting to
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ide spectrum of hosts [8–10]. More specifically, Salmonella bac-
erins, protecting against different challenging serovars to animals,
re in continuous development around the world [11–13]. The
mmunopotentiation of vaccines by natural products is another
ew trend in research, targeting an improvement in seroconver-
ion that enhances protection against specific diseases [14–16]. The
chinacea purpurea (EP) root powder is rich with caffeic acid deriva-
ives (phenoliccompounds), alkamides, and polysaccharides. This
erb was able to stimulate the lymphocyte proliferation in response
o sheep red blood cells in a mice model [17]; in addition, the inges-
ion of Echinacea in rats led to a significant increase in the level of
ntigen specific-IgG, with an increase in this isotype equivalent to
4.6% compared to the control rats that were deprived of this herb
18].

The assessment of the acquired humoral immunity to vac-
ination and/or immunopotentiators required a development of
uantitative system that can determine the primary and secondary

mmune response specific to the antigens used in developing the
accines. The main disadvantage of using commercial kits is the
ack of specificity, since the coating antigens might differ from
hose of the newly emerging field strains included in the bac-
erin [19]. The development of an ELISA system for the assessment
f vaccine efficiency and/or natural and synthetic immunopoten-
iators, is a golden standard tool that has been used frequently
n the last decades [10,20,21]. In developing ELISA protocols, a
heckerboard titration is performed for optimizing the quantities of
arious reagents included in the system, such as the dilution of the
erum sample, the conjugate, the blocking substance included in
he serum diluent and coating buffer, and the wavelength at which
he maximum absorbance of the developed color is read [22,23].

To our knowledge, this is the first research aiming at evaluat-
ng an experimental Salmonella Enteritidis bacterin and a related
ndirect ELISA system to assess quantitatively the acquired immu-
ity in Awassi ewes specific to the vaccine homologous antigens, in
bsence or presence of Echinacea purpurea dried roots supplemen-
ation.

. Materials and methods

.1. Experimental Salmonella Enteritidis (SE) vaccine

The experimental SE vaccine is modified from our previous doc-
mentation [11] that attempted to protect against predominant
hage types of SE in the USA including phage type 8,13a, and 23.
he SE strain used in this new bacterin is of higher virulence due to
ts invasive nature, caused by the presence of a high size plasmid of
8 MDa, known to exist in highly virulent SE strains of phage type

 [24].
Briefly, the SE bacterin contained in its aqueous phase an

mount of 4.8 × 108 colony forming units per ml  of SE cells, inactiv-
ted by 0.3% Formalin, and emulsified into equal volume of sterile
0 SUS mineral oil, supplemented with 4.3% and 0.1% (w/v) of Arla-
el C and Tween 80, respectively.

.2. Construction of an optimized ELISA

The construction of an optimized ELISA for quantification of
he ewes-serum antibodies, specific to antigens of the SE that
cquired a plasmid of 38 MDa  size, was based on a checkerboard,
argeting to result in significant differences in absorbance of the
eveloped color between replicates of SE-negative and SE-positive

ontrol sera of ewes. The negative sera were collected from three
nvaccinated ewes and pooled in equal volume in one stock. The
ositive sera were collected from 3 vaccinated ewes, at 11 days
fter the second immunization with the SE vaccine, and pooled
3 (2015) 2228–2231 2229

in similar procedure to that used for the negative control sera.
The coating used in the checkerboard was  at two  levels namely,
24 �g/100 �l/well and 48 �g/100 �l/well of the Immunolon 1-type
of microtiter plates (Dynatech Laboratories, Virginia, USA).

The developing of ELISA compared the use of Phosphate buffered
saline (PBS) alone or PBS supplemented with 1% Bovine Serum
Albumin (BSA), as a diluent of the ewes’ sera (1:100), and the con-
jugate (1:2000) included in the ELISA system. The replicates of the
control sera were reacted on the micro-titer plates with each of the
two protein-levels of coated SE antigens, in presence and absence
of BSA supplementation to the buffer diluent. It is worth noting that
the constants in the checkerboard were the coating buffer (carbon-
ate/bicarbonate, pH 9.6), conjugate dilution (Rabbit anti-complete
sheep IgG, light and heavy chains, labeled with peroxidaze enzyme,
Abcam, England), the substrate (ABTS 1-component containing 2,2-
azino-di 3 ethyl- benzthiazoline-6-sulfonate), and the light wave
length of 450 nm at which the developed color was  read in the
Biotek ELISA reader, model Elx 800, Biotek, USA.

2.3. Experimental design

A total of 24 ewes, with an average age of 4 years, were divided
into four treatments (T), with 6 ewes/treatment. The T1 ewes were
the negative controls, deprived of subcutaneous administration of
the experimental SE vaccine and of oral administration of Echinacea
purpurea (EP) dried roots. The T2 ewes were only treated with EP,
while the T3 ewes were only vaccinated at D1 (initiation of the trial)
and D10, and the T4 ewes were vaccinated at same days like the T3
ewes and administered the EP dried root tablets. The vaccine dose
of 2 cm3 was  administered subcutaneously in the neck, while the
EP treatment was a daily administration of 250 mg of dried roots
of EP/tablet for a period of 45 days, effective the day of the first
vaccination by the SE bacterin.

2.4. Blood collection

The collection of the blood was  performed from the jugular vein
of all ewes at D1 (first SE vaccination day), D10 (booster SE vac-
cination day), D21 (11 days post booster), and D45 (35 days post
the booster). The individual serum samples were collected from the
clotted blood, and stored at −40 ◦C for analysis in duplicate on the
optimized ELISA protocol.

3. Results and discussion

3.1. Checkerboard in optimization of the ELISA

The data of the checkerboard for optimization of ELISA sys-
tem, targeting wider significant differences between the negative
and the positive control sera, specific to SE antigens, are shown in
Table 1. The absence of 1% BSA supplementation in PBS buffer of
the diluent, at a lower coating level with 24 �g of SE antigens/well,
resulted in similar and insignificant difference of means of negative
(OD = 0.721) and positive replicates (OD = 0.868) of the control sera
(p > 0.05). The doubling of the SE antigen coating to 48 �g of SE/well,
and in absence of BSA supplementation to the buffer diluent, cre-
ated a significant difference in OD values obtained by negative
(OD = 0.602) and positive (OD = 0.822) control sera (p < 0.05). This
improvement in creating a difference between negative and posi-
tive control sera is most likely due to the filling of more surface area
in the wells by the doubled amount of SE antigen, thus reducing the
uncoated area, which most likely lead to less non-specific binding

of antibodies in the control sera and of the secondary antibodies
present in the conjugate [25].

A further improvement in differentiation between the negative
and the positive control sera was  obtained at a higher coating of
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Table 1
Checkerboard for optimization of ELISA system to detect wider significant differ-
ences between negative and positive control sera specific to SE antigens.

Control sera Mean˛ optical density values at different levels of
coated SE antigen in presence and absence of BSAˇ

24 �g SE antigens/100 �l
of coating buffer/well

48 �g SE antigens/100 �l
of coating buffer/well

BSA BSA

Presence Absence Presence Absence

Negative3 0.2045a1 0.7207a2 0.211a1 0.602a2

Positive4 0.623b1 0.868a2 0.747b1 0.822b1

SEM5 0.082 0.034 0.064 0.025

1,2 Two means in a row, under the coating by same SE antigen level, followed by
different Arabic numerical superscripts are significantly different at p < 0.05.
a–b Means in a column, followed by different Alphabet superscripts are significantly
different at p < 0.05.
˛ Mean of six replicates of each of negative and positive control sera.
ˇ BSA = bovine serum albumin added at 1% level to PBS buffer used in diluting the
control sera and the conjugate.
3 Negative control serum is pooled in equal volume from 6 ewes of T2 treatment
deprived of SE vaccination, and collected at day 21 (D21). Dilution used is 1:100.
4 Positive control serum is pooled in equal volume from sera of 6 ewes of T4 treat-
m
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Table 2
The application of the optimized ELISA˛ in quantitating the acquired humoral
primary and secondary seroconversion in the four different treatments of ewes fol-
lowing two  vaccinationsˇ by the developed SE bacterin and/or Echinacea purpurea
(EP)� .

Treatmentsı Means5 of acquired humoral immunity specific to SE
(OD value) at different sampling days (D)

D1 D10 D21 D45 SEM6

T1 0.2358a1,2 0.2641a2 0.281a2 0.2137a1 0.012
T2  0.3037a1 0.2707a1 0.2583a1 0.2266a2 0.013
T3  0.2727a1 0.6578b2 0.6985b2 0.5718b3 0.015
T4  0.2868a1 0.561b2 0.7007b3 0.6385b4 0.018

SEM7 0.026 0.038 0.024 0.028

1–4 Mean in a row followed by different Arabic numerical superscripts are signifi-
cantly different at p < 0.05.
a,b Mean in a column followed by different alphabet superscripts are significantly
different at p < 0.05.
˛ Optimized ELISA is constructed of 48 �g SE antigens/100 �l coating buffer/well,
respective dilution of ewes sera and conjugate at 1:100 and 1:2000, and supple-
mentation of PBS buffer diluent of ewes sera and conjugate with 1% bovine serum
albumin.
ˇ SE vaccination of ewes at D1 and D10, in 2 ml/dose, administered subcutaneously
in  the neck of ewes in T3 and T4 treatments.
� EP daily treatment to ewes of T4 treatment, effective D1 and up to D45, adminis-
tered intra-esophageally in a dose of 250 mg of dried root/tablet/ewe.
ı T1 has control negative ewes, non-vaccinated and non-treated with EP, T2 has
ewes deprived of vaccination and treated with EP, T3 has ewes administrated SE
vaccine at D1 and D10, and deprived of EP treatment, T4 has ewes administrated SE
vaccine at D1 and D10, and treated with EP.
5 Means of OD = means of optical density values of the sera of 6 ewes/treatment,
with each serum run in duplicate.
ent that were SE-vaccinated and treated with Echinacea purpurea, and collected
t  day 21 (11 days post the booster).
SEM = standard error of mean.

8 �g SE antigens/well, and in the presence of 1% BSA-blocking
rotein in diluents of the control sera and the conjugate (Table 1).
he 1% BSA supplementation created a much wider and signif-
cant difference between the negative (OD = 0.211) and positive
OD = 0.747) control sera (p < 0.05).The 1% BSA seems to block the
urface area of the wells that are left uncoated with the SE antigen,
hus preventing significantly the nonspecific binding of antibodies
n the control sera and those in the conjugate [25].

The results of the checkerboard shown in Table 1 lead to final
ptimized protocol of the developed ELISA, using 48 �g of SE pro-
ein/well/100 �l of the carbonate/bicarbonate coating buffer (pH
.6), dilution of ewes sera at 1:100, and conjugate dilutionat1:2000,
ith supplementation of 1% BSA in the PBS used in diluting the ewes

era and the conjugate.

.2. Ewes acquired immunity to SE vaccine and/or EP

The data resulting from the application of the optimized ELISA
or quantitating the acquired humoral primary and secondary sero-
onversion in the four different treatments of ewes, following two
accinations by the experimental SE bacterin and/or Echinacea pur-
urea (EP) treatment, is shown in Table 2. The ewes in treatments
1 and T2 did not seroconvert to higher mean optical densities, at
ny of the sampling times of D10, D21, and D45, compared to the
riginal background mean optical densities at D1. This confirms
he absence of exposure of ewes in T1 and T2 treatments to SE anti-
ens, due to deprivation from SE vaccination, and the absence of
E contamination in the experimental facility. In addition, the daily
reatment of the ewes in T2 with EP did not result in any plasma cell
ormation from innate clone of mature B-cells that potentially carry
he IgM and IgD isotypes on their surfaces, with idiotypic specificity
o SE antigens. The EP seems to boost the proliferation of B-cells in
he presence of certain mitogen or antigen, as described previously
11,17,18].

The administration of only the developed SE bacterin to ewes
f T3 treatment at D1 and D10 did result in significant acquired
umoral primary response, detected at D10 after the first vacci-

ation (mean OD value = 0.658) compared to mean OD value of
.273 at D1 (p < 0.05). Unfortunately, the boosting at D10 in T3
wes did not result in significant seroconversion at D21 (mean
D value = 0.698) compared to the titer at boosting time of D10
6 SEM = standard error of means in a row.
7 SEM = standard error of means in a column.

(mean OD value = 0.658) (p > 0.05). This indicates that the boosting
with this developed vaccine was  not able to create a class switch
in the IgM-producing plasma cells formed by the first vaccination
to IgG-producing plasma cells, which is most likely due to failure
of T-cell activation that is needed in cooperating with the B-cell for
producing a class switch [26].

Regarding the ewes of T4 treatment, they showed a success in
induction of a significant primary and secondary humoral immune
responses by the same vaccine batch that was administrated to T3
ewes. The additional treatment applied to T4 ewes of daily adminis-
tration of EP tablets (250 mg  dried root/tablet/ewe) between D1 to
D45, seems to be the only factor that helped in obtaining a sig-
nificant seroconversion of the secondary response. The primary
response detected at D10 (mean OD = 0.561) following the first
vaccination at D1 (mean OD = 0.287) of T4 ewes was  significant
(p < 0.05). The booster given at D10 to these ewes led to a secondary
response with significant seroconversion (mean OD value = 0.701)
compared to mean OD value at D10 (0.561) (p < 0.05).The EP seems
to help in activation of T-cells leading to efficient cooperation with
B-cells to create such a statistically significant seroconversion.

This is the first data in literature reporting the synergism
between the developed SE bacterin and the EP treatment in ewes for
creation of significance in both the primary and secondary humoral
immune responses. This data is in agreement with previous works
done on different animal models, including mice [27], rats [28] and
humans [29].

It is worth noting that the period between D21  and D45 is 24
days, a period of normal decay in the acquired SE-specific antibod-
ies of the ewes, due to their well documented half-life of 12–17 days
[30]. This decline was noted at D45 in T3 ewes (OD = 0.572) and T4
ewes (OD = 0.639) compared to the respective secondary response
present at D21 (mean OD of 0.698 and 0.701) (p < 0.05). However

the decline in mean OD value at D45 compared to that of D21 in T3
ewes was  18.1%, while the decline in mean OD values of T4 ewes
was equivalent to 8.8%. However, the mean OD value at D45 of T4
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wes (0.639) was still significantly higher than that of the primary
esponse obtained at D10 (0.561) (p < 0.05), while the T3 ewes had

 significantly lower mean OD valve at D45 (0.572) compared to
hat of the primary response at D10 (0.658) (p < 0.05). These results
ndicate that the EP treatment in T4 ewes can help to reduce the
ffect of half-life of acquired SE-specific antibody through the 35
ays following the booster that was administered at D10.

In conclusion, the optimization of the ELISA by the checkerboard
trategy was able to widen significantly the difference in the mean
D values between the negative and positive control sera specific

o SE antigens. In addition, the application of the optimized ELISA
elped in documenting the differences in seroconversion of ewes
hat were differently treated, uncovering the benefit of Echinacea
urpurea treatment in overcoming the failure of the experimental
E bacterin to induce a significant seroconversion of the secondary
mmune response, and in helping the reduction in the decay of
cquired SE-specific antibodies by time.
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