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Abstract 

The principal virulence factor of Shiga toxin (Stx)-producing Escherichia coli (STEC), the eponymous Stx, modulates 
cellular immune responses in cattle, the primary STEC reservoir. We examined whether immunization with geneti-
cally inactivated recombinant Shiga toxoids  (rStx1MUT/rStx2MUT) influences STEC shedding in a calf cohort. A group 
of 24 calves was passively (colostrum from immunized cows) and actively (intra-muscularly at  5th and  8th week) 
vaccinated. Twenty-four calves served as unvaccinated controls (fed with low anti-Stx colostrum, placebo injected). 
Each group was divided according to the vitamin E concentration they received by milk replacer (moderate and 
high supplemented). The effective transfer of Stx-neutralizing antibodies from dams to calves via colostrum was 
confirmed by Vero cell assay. Serum antibody titers in calves differed significantly between the vaccinated and the 
control group until the  16th week of life. Using the expression of activation marker CD25 on  CD4+CD45RO+ cells and 
CD8αhiCD45RO+ cells as flow cytometry based read-out, cells from vaccinated animals responded more pronounced 
than those of control calves to lysates of STEC and E. coli strains isolated from the farm as well as to  rStx2MUT in the 
 16th week. Summarized for the entire observation period, less fecal samples from vaccinated calves were stx1 and/
or stx2 positive than samples from control animals when calves were fed a moderate amount of vitamin E. This study 
provides first evidence, that transfer to and induction in young calves of Stx-neutralizing antibodies by Shiga toxoid 
vaccination offers the opportunity to reduce the incidence of stx-positive fecal samples in a calf cohort.
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and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Introduction
Enterohemorrhagic Escherichia coli (EHEC), a subset of 
Shiga toxin-producing E. coli (STEC), is a food-borne 
pathogen that can evoke life-threatening diseases in 
humans such as hemorrhagic colitis and hemolytic-ure-
mic syndrome. EHEC serotype O157:H7/H− is impli-
cated in most EHEC outbreaks worldwide. However, 
human infections by non-O157:H7 serotypes (e.g. O91, 
O26, O113) frequently occur in Germany and other 
European countries [1]. The only virulence marker com-
mon to all STEC serotypes is the possession of a gene 

encoding for Shiga toxin (Stx). Calves get infected orally 
with a plethora of different STEC strains present in their 
environment early in life, but rarely develop clinical 
signs of infection. Many STEC strains are able to colo-
nize the bovine intestine [2–6], including non-O157:H7 
[7–9]. Cattle may shed these bacteria for several month 
in quantities that may be considerably high at some sam-
pling points [10–13] making cattle, besides other rumi-
nants, an important reservoir for STEC strains associated 
with human diseases. To reduce the risk of STEC enter-
ing the food chain, interventions must be applied at sev-
eral stages starting at cow and herd level and continuing 
in slaughterhouses, processing plants, distributors, and 
households [14, 15].

Even though previous attempts to develop vaccina-
tion strategies in cattle were promising they only par-
tially reduce STEC excretion and the effect was mostly 
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restricted to single subpopulations of STEC, e.g. O157 
strains [14, 16]. Long-term studies on anti-Stx anti-
body titers in serum and fecal STEC shedding by cat-
tle unveiled significantly delayed humoral immune 
responses following experimental STEC infection [17] 
and natural exposure [12]. Delayed adaptive cellular 
immune responses was also shown after experimental 
STEC infection [17]. The principal STEC virulence fac-
tor, the eponymous Stx, modulates cellular immune 
responses in cattle [18–21]. In  vitro and in  vivo stud-
ies revealed that Stx operates during the early phases of 
immune activation rather than depressing an established 
immunity [17, 20, 22, 23]. Current knowledge of STEC 
shedding dynamics and influences of Stx on immune 
responses suggests, that Stx may hinder the development 
of an effective immune response by hitherto immuno-
logically naïve animals upon first STEC contact at early 
calves’ ages.

Inactivation of Stx by genetic modification located 
within the enzymatically active cleft of Stx resulted in 
toxoids  (rStx1MUT and  rStx2MUT) with retained anti-
genicity and immunogenicity but lost immunomodu-
latory properties in cattle [24]. Immunisation of sows 
with Stx2e toxoid [25, 26] was shown to trigger maternal 
immunity which protects offspring against edema disease 
[27] and fully protected the animals when challenged 
with native Stx2e [28]. Induction of humoral and cellu-
lar immune responses by Stx toxoids was also achieved in 
mice [29, 30].

We therefore hypothesized that passive (maternal) and 
active vaccination against Stx1 and Stx2 confers protec-
tion against the toxins’ immunomodulating effect and 
subsequently enables calves to actively mount a rapid 
immune response against STEC strains circulating in the 
respective cohort. In order to follow a novel approach to 
add on current vaccination strategies aiming at reducing 
STEC shedding by cattle, this study wanted to assess if 
active and passive immunization with Stx toxoid-based 
vaccines enables calves (i) to gain and produce Stx-neu-
tralizing antibodies and (ii) to mount a more rapid and 
effective cellular immune response against STEC strains 
than unvaccinated controls in a respective cohort (iii) 
resulting in reduction of STEC shedding. As an essen-
tial antioxidant for maintaining the stability of biologi-
cal membranes and the function of the immune system 
vitamin E  (vit E) is considered to support adaptive and 
humoral immune responses [31–34]. Therefore, milk 
replacer fed to some animals deployed in the study was 
supplemented with vit E in higher amounts as usually 
included in commercially available products to support 
the effect of the vaccine.

Materials and methods
Generation of recombinant Shiga toxins and Shiga toxoids
Recombinant Stx  (rStx1WT and  rStx2WT) and geneti-
cally inactivated recombinant Stx toxoids  (rStx1MUT 
and  rStx2MUT) were previously generated and tested by 
Kerner et  al. [24].  rStx1MUT and  rStx2MUT preparation 
were adjusted separately with NaCl solution (0.89%) to 
0.75  Mio verocytotoxic doses 50%  (CD50) equivalents 
[24] each in 1.4 mL and frozen at −20 °C.

Vaccination of cows for colostrum production
In October and November 2012, 14 cows (Deutsche 
Holstein) from the dairy herd at the experimental sta-
tion, FLI Brunswick, served as donors for colostrum to 
be used in the subsequent year. Five cows had been vac-
cinated at 9 and 6  weeks before the calculated calving 
date. To this end, cows received by separate injection in 
the left and right M. gluteus 0.75 Mio CD50 equivalents of 
 rStx1MUT and of  rStx2MUT each in 1.4 mL NaCl solution 
(0.89%) freshly mixed with 0.6 mL aluminum hydroxide 
(Alu-Gel-S, Serva Electrophoresis GmbH, Heidelberg, 
Germany). Further 9 cows served as unvaccinated con-
trols. Colostrum was collected from the first 3 milkings 
after parturition and screened for Stx-neutralizing anti-
bodies by Vero cell neutralization assay (VNA). Pools of 
colostrum with high (pool VAC+; anti-Stx1 titer 51 001, 
anti-Stx2 titer 32 856; determined by VNA, see below) 
and with lower anti-Stx titer (pool VAC−; anti-Stx1 titer 
11 005, anti-Stx2 titer 15 811) were collected, aliquoted 
and stored (−20 °C).

Experimental design, housing and sampling of calves
In October and November 2013, a total of 48 male 
Holstein calves born in the dairy herd of FLI Brun-
swick were alternately assigned to groups of to be 
 rStxMUT-vaccinated animals (VAC+) and placebo-treated 
animals (VAC−), as well as to vit E high  (VitEH) and vit E 
moderate  (VitEM) feeding groups. The treatments were 
arranged according to a two by two complete 2-factorial 
design and consequently resulted in four experimental 
groups: VAC+  VitEH (n =  11), VAC−  VitEH (n =  11), 
VAC+ VitEM (n = 13) and VAC− VitEM (n = 13).

Directly after birth, calves were separated from dams. 
In the first 9 (± 1.5) days of life animals were kept sepa-
rately in calf huts on straw. Thereafter calves were kept 
in 2 groups in accordance with vit E feeding assignment 
with straw bedding. From weaning until the end of the 
observation period, animals were housed in groups of dif-
ferent sizes irrespective of their group affiliation together 
with other bull calves of the same age, not included in the 
trial. Fecal samples were collected in weeks 3, 16, 26 and 
55. Serum samples were collected before initial colos-
trum intake (pre-colostral), between 6 to 24 h after initial 
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colostrum intake (post-colostral), as well as in weeks 3, 
11, 16, 26, 55. For PBMC preparation 16 mL blood (week 
16 and 26) were drawn from the jugular vein into tubes 
containing 4  mL 3.8% sodium citrate dihydrate (Sigma-
Aldrich GmbH, Deisenhofen, Germany) solution. The 
vaccination protocol included a combination of passive 
and active vaccination with recombinant Shiga toxoids 
 (rStxMUT). Directly after birth, VAC+ calves were fed 3 L 
of a colostrum pool previously collected from  rStxMUT 
vaccinated cows as described above while VAC− calves 
received colostrum from non-vaccinated cows. In the  5th 
and  8th week of life VAC+ animals were actively vacci-
nated with  rStx1MUT and  rStx2MUT as described above. 
VAC− animals were placebo-injected with NaCl solution 
and adjuvant. After feeding 3  L colostrum, calves were 
offered 875 g/day of milk replacer (MR) supplying 188 
and 200 IU all-rac-α-tocopheryl acetate/kg dry matter 
(DM) in group  VitEM and  VitEH, respectively, dissolved in 
6  L of water split into two equal portions (bucket feed) 
daily until the  9th (± 1.5) day of live. The vit E dose  fed 
to  VitEM group was referred to as “moderate” as the vit 
E concentration supplied with the feed was above lev-
els of international recommendations for calves of the 
respective age [35]. However, the dose used was equiva-
lent to the degree of supplementation of milk replacer 
commercially distributed and used in modern livestock 
farming. From  10th to  49th day of life  VitEH calves were 
offered 840  g/day MR supplemented with  188 IU  and 
354 IU all-rac-α-tocopheryl acetate/kg DM in group 
 VitEMand  VitEH by automatic calf feeders (Förster-Tech-
nik GmbH, Engern, Germany). Vit E fed groups split by 
vaccination took up comparable average amounts of all-
rac-α-tocopheryl acetate (IU/day: VAC+  VitEH 279.2; 
VAC−  VitEH 276.9; VAC+  VitEM 152.2; VAC−  VitEM 
154.7) throughout the entire period of performance 
acquisition. From the  9th day calves received hay ad libi-
tum and concentrate up to 2 kg/day in addition. Drink-
ing water was available for ad  libitum intake during the 
whole experiment. From the  50th day until the end of 
observation period animals were fed conventionally.

Vero cell cytotoxicity assay (VCA) and Vero cell 
neutralization assay (VNA)
The VCA was performed in 96-well microtiter plates 
(Nunc GmbH, Wiesbaden, Germany) using Vero cells 
(ATCC CRL 1587, LGC-Promochem GmbH, Wesel, Ger-
many) to determine Vero cytotoxic doses 50%  (CD50/
mL) [36]. The VNA was used for the quantitation of the 
neutralizing activity in serum and colostrum against 
 rStx1WT or  rStx2WT as described previously [12]. Serum 
samples were tested at pre-dilutions of 1:30 and 1:90, 
colostrum samples at 1:300 and 1:900. At the pre-colos-
tral sampling only a subset of animal’s sera (n = 23) was 

tested, at the other samplings all animals were included 
(n = 48). Neutralizing antibody (nAb) titers were deter-
mined by multiplying the relative cell activity with the 
dilution factor when the relative cell activity was  >  30% 
 (rStx1WT) or > 20%  (rStx2WT). Samples with a relative cell 
activity below the detection limit (nAb rStx1 = 900; nAb 
rStx2 = 600) were given arbitrary nAb titer of half of the 
lowest detectable value.

PBMC stimulation assay
Five E. coli and 2 Listeria monocytogenes strains isolated 
from dams of the experimental herd were cultivated in 
LB broth (lysogeny broth, Lennox), adjusted to 2 ×  107 
colony forming units (cfu)/mL by optical density and heat 
inactivated (100 °C, 10 min). Aliquots of each lysate were 
tested for sterility on sheep blood agar (SIFIN diagnostics 
GmbH, Berlin, Germany) and stored at −20 °C until use. 
E. coli lysates were tested for cytotoxicity by VCA and for 
stx1 and stx2 by PCR. E. coli strain lysates were not cyto-
toxic except E. coli strain 2 (430 CD50/mL).

Peripheral blood mononuclear cells (PBMC) were 
isolated as described previously without erythrocytes 
lysis step [20]. PMBC were suspended in cell culture 
medium (RPMI 1640 supplemented with 10% fetal calf 
serum, 3  μM 2-mercaptoethanol, 100  IE/mL Penicillin, 
2  mM  l-glutamine) and seeded into  Cellstar® 24-well 
suspension plates (Greiner Bio-One GmbH, Fricken-
hausen, Germany) at 1 mL/well (2 × 106 cells). Pure cell 
culture medium (MC) or cell culture medium supple-
mented with stimulants (lysates equivalent to final con-
centration (f.c.) of 1  ×  105 cfu/mL [17], Concanavalin 
A (ConA) f.c. 0.75  µg/mL, or  rStx1MUT or  rStx2MUT f.c. 
200  CD50 equivalent [24] were added in 1 mL/well. Plates 
were incubated for 5 days at 5%  CO2 and 37 °C.

After 5-day incubation, supernatants were collected 
for further use (see below) and cells gently resuspended 
with washing buffer (PBS-Dulbecco without Ca and Mg, 
Biochrom supplemented with 0.01% sodium azide). Cell 
suspension was transferred to V-shape microtiter plates 
(Greiner Bio-One GmbH, Frickenhausen, Germany), 
incubated (10  min), and centrifuged (400  ×  g, 3  min, 
4 °C). Supernatants were removed and cells resuspended 
with 30 µL of the primary monoclonal antibody dilution 
(anti-CD45RO clone IL-A116 [Bio-Rad AbD Serotec 
GmbH, Puchheim, Germany], 1:100). Cells were incu-
bated (30 min, 4 °C, in the dark), washed twice, and resus-
pended with directly labelled antibodies (anti-CD4 Alexa 
Fluor 647 clone CC8; anti-CD8α Alexa Fluor 647 clone 
CC63; anti-CD25 FITC clone IL-A111 [Bio-Rad AbD 
Serotec GmbH, Puchheim, Germany], 1:200) and second-
ary antibody solutions (PE labelled α-rat  IgG2a ([QIAGEN 
Leipzig GmbH, Leipzig, Germany], 1:1000; for detec-
tion of anti-CD45RO) and incubated again. For isotype 
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control, mouse  IgG2a (Alexa Fluor 647 [Bio-Rad AbD 
Serotec GmbH, Puchheim, Germany], 1:200) and mouse 
 IgG1 (FITC [Bio-Rad AbD Serotec GmbH, Puchheim, 
Germany], 1:200) was used. Addition of PE-labelled α-rat 
 IgG2a to a control sample without anti-CD45RO was used 
to exclude non-specific binding of the indirectly labelled 
antibody. After washing, dead cells were quantified in the 
first set of experiments by incubating 50 µL cell suspen-
sion with 0.75 µL propidium iodide (Merck KGaA, Darm-
stadt, Germany) within MC. The proportions of dead cells 
were approx. 6% on average without group differences. 
At least 5000 cells with unaltered morphology (i.e. events 
which fell into the non-blast and blast region in the FSC 
vs. SSC plot) per sample, were assessed by use of a BD 
FACS Canto™ II analyzer (BD Biosciences, Heidelberg, 
Germany).  CD4+CD45RO+ and CD8αhiCD45RO+ blast 
cells were analyzed for CD25 expression (FlowJo; Tree 
Star, Inc., San Carlos, CA, USA; see Figure 1 for the gating 

strategy). Results were expressed as percentage change 
compared to MC using the formula: (Geometric mean of 
fluorescence intensity [Geomean] stimulation—Geomean 
MC)/Geomean MC × 100%.

IFN‑γ ELISA of cell culture supernatants
PBMC supernatants were tested for IFN-γ protein by ID 
 Screen® ELISA test kit (ID.vet, Grabels) and evaluated 
following instructions provided by the manufacturer. 
Optical density (OD) was converted to S/P ratio follow-
ing the equation: S/P ratio =  [ODstimulated sample – ODme-

dium controll/ODpositive control ×  100]. IFN-γ positive bovine 
activated plasma for positive control were obtained from 
the manufacturer.

Estimation of quantity and quality of fecal STEC shedding
Approximately 10  g of fecal matter per animal was 
obtained directly from rectal lumen using sterile gloved 

Figure 1 Gating strategy used to quantify CD25 expression on inating vitro re-stimulated CD4+CD45RO+ and CD8αhiCD45RO+ cells 
by flow cytometry. Representative dot plots obtained with PBMC after 5 days of in vitro cultivation with Concanavalin A and subsequent tri-colour 
immunolabelling. A In a first analytical step, the non-blast cell (Region R0) and blast cell population (R1) were acquired for gating based on its for-
ward versus side scatter (FSC/SSC) characteristics. B In samples labelled with anti-bovine CD4 antibodies,  CD4+ cells within the blast cell population 
were defined by R2 as such that less than 2% of events were considered positive in the corresponding isotype control sample. C In samples labelled 
with anti-bovine CD8α antibodies, CD8αhi cells were defined by R3, thereby excluding the majority of CD8αlo cells. D Cells within R2  (CD4+) and 
R3 (CD8αhi) were displayed on CD45RO/CD25 dot plots and the geometric mean for detection of CD25 expression was assessed for all  CD45RO+ 
within the  CD4+ and CD8αhi, respectively, as defined by R4 (shaded area).
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fingers and stored at −80  °C. One gram was diluted in 
9 mL sterile PBS buffer, homogenized,  log10 diluted over 
five steps, and plated on Gassner agar (SIFIN diagnostics 
GmbH, Berlin, Germany). After incubation (18 h, 37 °C), 
representative agar plates were enumerated and cfu/g 
feces calculated. All coliform colonies from one  10−1 
dilution plate were washed off with 1 mL LB broth sup-
plemented with 30% glycerin, boiled 10  min at 100  °C, 
put on ice for 5  min and used as PCR template. E. coli 
strain EDL933 (kindly provided by Prof. R. Bauerfeind, 
Institute for Hygiene and Infectious Diseases of Animals, 
Justus Liebig University Giessen, Germany), positive for 
stx1 and stx2, served as a positive control. PCR primer 
pairs for detection of stx1 and stx2 were designed with 
reference to published sequence data [37]. The detection 
limit was determined to be 1 × 104 cfu/g feces when two 
stx-negative fecal samples were spiked with  10−1 to  105 
cfu/g feces of viable E. coli EDL933 bacteria.

Stx-negative samples were excluded from further 
analysis. Colonies from stx-positive samples (stx1- and/
or stx2-positive) were isolated by DNA–DNA colony 
hybridization as described by Geue et  al. [13] with the 
following variations. DNA probes were labeled with 
digoxigenin with MP4/MP3 primers [37] using the PCR 
DIG Probe Synthesis Kit (Roche, Deutschland Holding 
GmbH, Grenzach Wyhlen, Germany) as specified by the 
manufacturer. Each stx-positive signal was assigned to a 
colony and up to 10 stx-positive colonies per blot were 
individually cultured in 200 µL LB broth, incubated (18 h, 
37  °C), 30% glycerin added, and stored at −80  °C. The 
number of total stx-positive colonies on each blot was 
counted and cfu STEC/g feces calculated. Samples with 
stx-positive culture but no STEC detection by colony blot 
were given arbitrary STEC cfu/g feces of half of the dilu-
tion step used for blotting.

STEC isolates were characterized as to their posses-
sion of four virulence markers by multiplex PCR specific 
for stx1 and stx2 [37], eae [38], ehxA (= EHEC hlyA) [39]. 
Profiles were defined by the presence of eae and/or ehxA 
in addition to stx1 and/or stx2. The numbers of different 
STEC profiles detectable in single fecal samples were 
recorded.

Statistical analysis
Statistical analysis was done with “IBM SPSS statistics” 
(version 19, IBM Corporation, New York, USA) and 
XLSTAT-Pro (version 2015.1. Addinsoft, Paris, France). 
Fisher’s exact test was used to compare the PCR result 
of fecal stx status between the groups and to analyze if 
specific stx types detected in fecal cultures were differ-
ently distributed among trial groups. Friedman test was 
used to validate development of E. coli cfu and STEC cfu 
over time. Dunn’s test after a Kruskal–Wallis test and 

Mann–Whitney U test was performed for group compar-
ison of E. coli cfu, STEC cfu, anti-Stx titer, INF-γ produc-
tion and PBMC stimulation assay. Changes over time in 
anti-Stx titer were performed by Wilcoxon test. A value 
of p < 0.05 was considered statistically significant.

Results
Anti‑Stx1 and anti‑Stx2 titers in calf sera after passive 
and active immunization
Stx1- and Stx2-neutralizing antibodies (nStx1Ab/
nStx2Ab) were detectable in pre-colostral sera of 2 of 9 
tested VAC+ and 3 of 14 tested VAC− calves (Figure 2). 
After colostrum intake, nStx1Ab and nStx2Ab titers 
started to differ significantly between the VAC+ and the 
VAC− group. The nStx2Ab titer in 21 of 24 VAC− ani-
mals even remained below the detection limit. Regard-
less of vit E supplementation, the nStx1Ab and nStx2Ab 
serum titers continued to differ significantly between the 
VAC+ and the VAC− groups until  16th week of life.

The nStx1Ab titer declined within the first 11 weeks in 
both groups (Figure  2A). In the VAC− group, nStx1Ab 
titers dropped below the detection limit in the  11th 
week. In the  16th week, most VAC− animals under-
went a nStx1Ab seroconversion with titers peaking in 
week 26. VAC+ animals showed a similar trend with 
clearly detectable nStx1Ab titers throughout and a 
slight increase from week 16 to week 26. nStx1Ab titers 
declined in both groups from week 26 to week 55. The 
feeding with standard (“moderate”) or elevated (“high”) 
amounts of vit E had no influence on nStx1Ab titers, 
except within the VAC− group in the  16th week. nStx1Ab 
titers had increased significantly to levels indistinguish-
able from titers of VAC+ animals in the VAC−  VitEM 
sub-group (9 of 13 animals seroconverted) but not in the 
VAC−  VitEH sub-group (9 of 11 seroconverted).

Independent of vit  E supplementation, maternal 
nStx2Ab titers in VAC+ animals had already declined 
until week 3. Application of the vaccines between week 
3 and 11 led to a clear increase in nStx2Ab titers, which 
only lasted until week 16, however. VAC− animals had 
very low to undetectable levels of nStx2Ab from week 11 
onwards.

IFN‑γ production by PBMC after in vitro stimulation
PBMC isolated from calves in the  16th week of life 
secreted IFN-γ in higher amounts upon 24 h stimulation 
with ConA than PBMC in the medium control. Thereof, 
PBMC from  VitEH animals produced and secreted more 
IFN-γ than PBMC from  VitEM animals irrespective of 
 rStxMUT vaccination (Figure  3). Cultivation with lysates 
from stx-negative E. coli strains previously isolated from 
the farm, or with  rStx1MUT or  rStx2MUT did not induce 
significantly increased IFN-γ secretion by PBMC from 
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Figure 2 Temporal pattern of Stx neutralizing titers in calves’ sera. Antibody titers were determined before (ac = ante colostrum) and after 
(pc = post-colostral) colostrum intake as well as in the  3rd,  11th,  16th,  26th and  55th week of life. Animals were grouped according to their vaccination 
status (VAC+ = rStxMUT-vaccinated; VAC− = placebo control) and the supplementation of vitamin E  (VitEH = high supplementation;  VitEM = mod-
erate supplementation). Arrows indicate active vaccination in the  5th and  8th week of life. A Temporal pattern of Stx1 neutralizing titers. A titer of 
450 was attributed to those samples with a relative cell activity < 30% (detection limit, dashed line). B Temporal pattern of Stx2 neutralizing titers. A 
titer of 300 was attributed to those samples with a relative cell activity < 20% (detection limit, dashed line). Results of Vero cell neutralization assay 
expressed as box plots with 5–95% interquartile ranges. Different letters indicate significant differences between the groups at each time point 
separately based on Dunn’s test after a Kruskal–Wallis test.
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animals of all groups. After cultivation with stx1-positive 
E. coli strain lysates, IFN-γ concentrations even tended to 
decrease in PBMC supernatants of the  VitEM fed animals 
compared to  VitEH fed animals. Differences reached sta-
tistical significance after stimulation with E. coli strain 5.

CD25 expression on  CD4+CD45RO+ and CD8αhiCD45RO+ 
cells after in vitro stimulation
CD4+CD45RO+and CD8αhiCD45RO+ cells responses to 
ConA,  rStx1MUT or Listeria strain lysates did not differ 
between calves of the VAC+ and the VAC− group (Fig-
ure  4). In contrast, cells obtained from VAC+ animals 
8  weeks after vaccination  (16th week of life) responded 
to  rStx2MUT re-stimulation in  vitro with an increase 
in the number of CD25 molecules on the cellular sur-
face, whereas CD25 expression on  CD4+CD45RO+and 
CD8αhiCD45RO+ of VAC− animals was indistinguish-
able from that of cells in the medium control. The effect 
of vaccination was significant for  CD4+CD45RO+ from 
 VitEH and  VitEM animals, but for CD8αhiCD45RO+ cells 
in the  VitEM group only. Such an effect of  rStx2MUT re-
stimulation on CD25 expression by CD8αhiCD45RO+ 
cells was also observed with PBMC obtained in the  26th 
week but did not reach significant levels. Incubation with 
lysates of 1 out of 5 E. coli strains isolated from the herd 
(E. coli 1) did not affect CD25 expression (Figure 5). Even 
though group differences did not always reach signifi-
cant levels,  CD4+CD45RO+and CD8αhiCD45RO+ cells 
of VAC+ animals responded to lysates from the other 4 
E. coli isolates with CD25 up-regulation, while respective 

cells from VAC− animals did not. Differences in respon-
siveness occurred in week 16, but not in week 26 and 
were more often significantly different in the  VitEM as in 
the  VitEH group. 

Fecal cultures and stx1‑/stx2‑PCR
Coliform colony-forming units per gram feces (cfu/g) 
in samples collected in the  3rd week of life (median with 
95% interquartile range: 3.3 × 106 [1.3 × 106–9.0 × 106]) 
were significantly higher (p < 0.001) than in samples from 
the  16th (1.1 × 105 [4.1 × 104–2.6 × 105]),  26th (1.4 × 105 
[7.7 ×  104–2.6 ×  105]), or  55th (4.0 ×  104 [3.5 ×  103–
8.0 × 104]) week of life independent of group affiliation 
(Additional file 2).

In an attempt to unveil potential qualitative and quan-
titative changes in STEC shedding resulting from Stx 
toxoid vaccination, quantification of shedding as well as 
isolation and characterization of strains was conducted 
by applying an analytical workflow based on (i) detection 
of stx genes in the feces, (ii) stx-specific colony blotting, 
isolation and quantification of signal-positive colonies, 
and (iii) characterization of STEC isolates by multiplex 
PCR (see subsequent paragraph).

Taking into account all samples from VAC+ (n =  95) 
and VAC− calves (n  =  96) over time, significantly 
(p  =  0.040) less fecal samples collected from VAC+ 
animals were stx-positive by PCR than samples from 
VAC− animals (32/95 [33.7%] versus 47/96 [49.0%] sam-
ples in the VAC+ and the VAC− group, respectively). 
At each individual sampling point, less samples isolated 
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from VAC+ animals were positive for stx-specific DNA 
than samples from VAC− animals, but those differ-
ences did not reach statistical significance (Figure  6A). 
The level of vit E supplementation did not influence the 
frequency of stx-positive fecal samples on its own. How-
ever, significant (p =  0.017) less samples collected from 
VAC+  VitEM animals (16/52 [30.8%]) were stx-positive 
than from VAC−  VitEM animals (29/52 [55.8%]) over 
the whole observation period. In contrast, samples from 
VAC+  VitEH (16 stx-positive of 43 [37.2%]) and from 
VAC− VitEH (18/44 [40.9%]) animals did not differ signif-
icantly (p = 0.827). Three and two animals in the VAC+ 
and the VAC− group remained stx-negative, respectively, 
throughout the entire observation study. All other ani-
mals shed STEC, as deduced from a positive PCR result 
for stx1 or stx2, at least on one occasion. It cannot be 
ruled out that single PCR-positive fecal samples result 

from passaging of the bacteria rather than true infection. 
As a proxy of infection, 7 and 14 animals in the VAC+ 
and in the VAC− group, respectively, were found to be 
fecal-positive for at least one toxin type on at least two 
consecutive sampling times. Again, the  VitEH and  VitEM 
groups differed in their STEC shedding pattern. The 
number of animals that remained stx-negative were 
evenly distributed (VAC+  VitEH: 1/11, VAC−  VitEH: 
2/13; VAC+ VitEM: 1/11; VAC− VitEM: 1/13). However, 
10 calves in the VAC− VitEM group but only 5, 2 and 4 
calves in the VAC+  VitEH, the VAC−  VitEH and the 
VAC+  VitEM groups, respectively, were fecal-positive 
for stx on at least two consecutive sampling times (Addi-
tional file 1).

Considering stx-positive fecal samples only, such 
samples from VAC+  animals contained significantly 
(p = 0.003) more often stx1 plus stx2 (14/32; 43.8%) than 
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Figure 6 Quantitative and qualitative assessment of fecal STEC shedding. Animals were grouped according to their vaccination status 
(VAC+ = rStxMUT-vaccinated; VAC− = placebo control) and the supplementation of vitamin E  (VitEH = high supplementation;  VitEM = moderate 
supplementation). A Fecal cultures (n = 191) were screened for stx1/stx2 by PCR and grouped into stx-negative, stx1-positive, stx2-positive and stx1 
plus stx2-positive. B Samples detected by stx-PCR of fecal cultures as stx1 and stx2 negative samples were not further analyzed (white part of the 
bar). Nylon membrane blots of agar plates of positively tested feces samples were hybridized with stx1/stx2 probes. Single colonies tested positive 
by hybridization (up to 10 per blot) were picked and further analyzed by PCR. A STEC profile is defined as single colony testing positive for stx (stx1 
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samples from VAC− animals (6/47; 12.8%; Figure  6B). 
In turn, single stx1- or single stx2-positive samples were 
detected more often in VAC− (27/47 [51.1%] and 17/47 
[36.2%], respectively) than in VAC+ (11/32 [34.4%] and 
7/32 [21.9%], respectively) animals but differences did not 
reach statistical different levels (p ≥ 0.171). STEC shed-
ding significantly varied with vit E supplementation also. 
A greater proportion of fecal samples from VAC+ VitEM 
animals was stx1/stx2-positive (11/16; 68.8%) compared 
to VAC+  VitEH (3/16; 18.8%; p =  0.011), VAC−  VitEH 
(4/28; 22.2%; p =  0.014), and VAC−  VitEM (2/29; 6.9%; 
p  <  0.001). In contrast, significantly (p  =  0.013) less 
fecal samples were single stx1-positive (3/16) in the 
VAC+  VitEM group compared to the VAC−  VitEM 
(17/29; 18.8% versus 58.6%) group. For individual pattern 
of stx-positive fecal cultures see Additional file 1.

Isolation and characterization of STEC strains
The percentage of stx PCR-positive fecal samples of 
which the subsequently conducted colony blotting did 
not yield a positive signal was different between the 
VAC+ (29.0%) and the VAC− groups (46.7%). STEC 
cfu per g of stx PCR-positive fecal samples did not dif-
fer (p =  0.216) between the trial groups over the entire 
observation period (Additional file  2). From a total of 
40 fecal samples, that had at least one positive signal 
on the colony blot, 215 single colonies (VAC+ n = 108, 
VAC−  n  =  107 colonies) were analyzed to assess 
their virulence gene profile in order to assess possible 

implications of the vaccination for the composition and 
zoonotic potential of the STEC strains shed. As a result, 
isolates could be grouped into 12 virulence gene profiles 
based on the possession of stx1, stx2, eae or ehxA. Con-
tinuing with only one strain per virulence gene profile 
within a single sample, 64 individual STEC isolates were 
further analyzed (Table  1). More stx1–positive isolates 
were also positive for eae (59.1%) than stx2- and stx1/stx2-
positive isolates (28.0 and 28.6%). The ehxA gene was 
detected in 77.3% of stx1-, 84.0% of stx2- and 28.6% of 
stx1-/stx2-positive isolates. Ten isolates lost the stx gene 
upon sub-culturing as they were originally positive by 
colony blot. The relative number of stx-blot positive 
samples harbouring more than one gene profile varied 
between VAC+ and VAC− animals (38.9 and 19.0%, 
respectively) (Figure 5B), indicating that vaccination had 
a qualitative impact on STEC shedding.

Discussion
Up to now, experimental and licensed vaccines for 
reduction of STEC shedding (Econiche Corp, Belleville, 
Canada; Epitopix, Willmar, USA) were only partially 
successful and effects were mostly restricted to sub-
populations of STEC, e.g. O157:H7/H– [14–16]. This 
proof-of-concept study provides first evidence that 
immunization with Stx toxoid-based vaccines under 
field-like conditions enables calves to actively mount a 
more effective immune response against STEC strains 
circulating in the cohort. Observed effects of  rStxMUT 

Table 1 Occurrence of individual STEC gene profiles in fecal samples

Fecal samples were taken over the entire observation period according to the group affiliation of the calves. Profiles were defined by the genes stx1, stx2, eae and ehxA 
and the numbers of different STEC profiles detectable in single fecal samples were recorded, whereby isolates with the same STEC gene profile within a single fecal 
sample were counted once.
a All isolates were initially stx-positive as their selection was based on the detection of stx by colony hybridization.

STEC gene profiles Number of STEC profiles per group

VAC+ VitEH VAC− VitEH VAC+ VitEM VAC− VitEM Total

stx1 1 0 1 1 3

stx1, eae 1 1 0 0 2

stx1, ehxA 2 0 2 2 6

stx1, eae, ehxA 3 1 3 4 11

stx2 0 0 0 2 2

stx2, eae 0 0 1 1 2

stx2, ehxA 3 3 5 5 16

stx2, eae, ehxA 1 2 1 1 5

stx1, stx2 1 1 1 1 4

stx1, stx2, ehxA 1 0 0 0 1

stx1, stx2, eae, ehxA 0 1 0 0 1

stx1, stx2, ehxA 1 0 0 0 1

eaea 1 1 1 0 3

Negativea 1 3 1 2 7

Total 16 13 16 19 64
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immunization on the incidence of stx-positive fecal sam-
ples were moderate compared to effects reportedly seen 
after immunization of cattle with STEC adhesins and 
subsequent homologous experimental challenge [14, 16]. 
However, the immune response primarily analysed herein 
was only indirectly achieved through natural exposure to 
a bacterial pathogen known to asymptomatically colonize 
the bovine intestine. Furthermore, vaccinated and con-
trol animals were kept together and participated in the 
same network of animal-to-animal and environmental-
to-animal transitional events. The study did not include 
an immunological naïve control group, i.e. the colos-
trum pool administered to control calves was not free of 
anti-Stx antibodies. These confounding factors make the 
degree of differences in cellular immune responses and 
STEC shedding between animals groups highly plausible.

Colostral nStx1Ab and nStx2Ab were effectively trans-
ferred to calves with nStx1Ab titers clearly exceeding 
nStx2Ab titers in the VAC+ as well as the VAC− group 
similar to what was observed after natural Stx exposure 
and after  rStxMUT vaccination [12, 24, 40]. Active  rStxMUT 
immunization in week 5 and 8 did not result in a detect-
able increase of nStx1Ab in calves’ sera, different from 
calves vaccinated after vanishing of maternal antibodies 
[24]. High maternal titers may have impaired the success 
of the  rStx1MUT vaccination but a significant humoral 
immune response was achieved by  rStx2MUT immuni-
zation of calves with no or low serum nStx2Ab titers at 
the time of active vaccination. A modified vaccination 
scheme, consisting of maternal vaccination, prime vac-
cination of calves not earlier than week 11 and booster 
application in the second half of the first year of life might 
overcome these obstacles.

Applying the quantitation of CD25 expression on 
 CD45RO+ lymphocytes for monitoring antigen-spe-
cific T cell responses in cattle, as suggested by Koo et al. 
[41], we found that peripheral  CD4+CD45RO+ and 
CD8αhiCD45RO+ cells from VAC+ calves responded 
better to re-stimulation with STEC antigens. Eight weeks 
after active vaccination, PBMCs from VAC+ animals 
responded more pronounced to  rStx2MUT re-stimulation 
in  vitro suggesting that vaccination directly induced an 
adaptive immune response against Stx2. The missing T 
cell responsiveness to  rStx1MUT in vitro may result from 
high maternal humoral protection at the time of active 
vaccination as discussed for the humoral response. Of 
note, VAC+ calves were capable of mounting an earlier 
adaptive immune response to E. coli antigens other than 
Stx1 as well. This became apparent by re-stimulation 
with stx1 +/stx2 − E. coli lysates in the  16th week of life. 
The  CD4+ subset analysed may have comprised dif-
ferent  TH subsets as well as  Treg cells. Bovine NK cells 
express CD45RO, CD8αα and CD8αβ [42] and are able 

to respond to bacterial molecular patterns without MHC 
restriction [43–45]. By gating on CD8αhi cells, we aimed 
at excluding NK as well as γδT cells which both may 
express CD8αlo [43, 46]. PBMC of the calves in the VAC+ 
and the VAC− group responded differently to some 
but not all bacterial lysates implying that the response 
detected was not due to an innate-like immune response 
but, in support of our hypothesis, indicative of an ele-
vated adaptive cellular immune response to STEC strains 
circulating in the herd. Antibodies to STEC antigens may 
not be sufficient to protect cattle from STEC coloniza-
tion [47]. Corbishley et al. showed by characterizing the 
epitopes recognized by  CD4+ T-cells that STEC-infected 
calves develop a specific immunological response at the 
infection site [48]. In light of these findings, the relative 
importance of functionally different immune cell popu-
lations for the control of STEC colonization in cattle’s 
intestine urgently needs to be unveiled.

Hoffmann et  al. showed that calves inoculated twice 
with stx-negative O157 strain, but not the calves inocu-
lated with stx2-positive O157 strain, developed cellular 
immune responses against the latter strain [17]. Under 
less standardized field conditions in the current study, 
VAC+ animals also responded to one of the two stx-neg-
ative E. coli strains better than VAC− animals, implying 
that  rStxMUT vaccination enables calves to build an infec-
tion immunity towards other antigens that are common 
in STEC and other E. coli strains. In order to determine 
if this supportive effect expands to infections with other 
enteric bacterial agents, immune control of which heav-
ily relies on cellular immune responses, we also re-stim-
ulated PBMC of the calves with lysates of Listeria strains 
previously isolated on the experimental farm. A benefi-
cial effect of  StxMUT vaccination on the immune response 
against Listeria monocytogenes in the cohort of calves 
under study could not be confirmed. We cannot rule out 
that this resulted from lack of exposure as we did not 
monitor the Listeria infection status of the calves. Nev-
ertheless, T-cells from VAC+ animals, which we consider 
to have been less exposed to Stx, tended to respond more 
vigorously to ConA in week 16. Stx inhibits the immu-
nogenic effect of systemically administered antigen [49] 
and Kieckens et  al. as well as Corbishley et  al. showed 
that STEC colonization affect cattle’s general immune 
response [50, 51] suggesting that Stx impairs immune 
responses in cattle in a more general manner than cur-
rently recognized.

The vaccine deployed in this study contained  rStx1MUT 
and  rStx2MUT, respectively, but is not devoid of anti-
gens derived from the laboratory E. coli K-12 strain 
used for recombinant protein expression. The control 
calves were placebo injected with NaCl solution and 
adjuvant to exclude the adjuvant’s influence. Registered 
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O157-vaccines (Econiche Corp, Belleville, Canada; 
Epitopix, Willmar, USA) contain proteins from the LEE 
locus and/or siderophore proteins as the main vaccine 
component. Both potentially protective STEC antigens 
are not included in the genome of the E. coli K-12 strain. 
Moreover, residual E. coli antigens other than  rStx1MUT 
and  rStx2MUT in the vaccine preparations are unlikely to 
have had an effect on the parameters assessed. Firstly, 
the general coliform flora in the calves was not affected 
by vaccination as no differences in the colony count were 
measured. Secondly, T-cells of VAC+ calves responded 
to  rStx2MUT containing vaccine preparations derived 
from the laboratory E. coli K-12 strain in  vitro but not 
to the  rStx1MUT containing preparation strongly arguing 
against a general anti-E. coli immunity induced by the 
vaccination itself.

The hypothesis that high vit E supplementation stim-
ulates the immune system and thereby supports the 
effect of  rStxMUT vaccination to reduce STEC shedding 
could not be substantiated. The higher vit E supple-
mentation had no positive effect on CD25 expression 
by  CD4+D45RO+ and CD8αhiCD45RO+ after stimula-
tion with STEC and E. coli and rather a negative effect 
on STEC shedding in VAC+ calves. Nevertheless, 354 IU 
compared to 188 IU daily vit E supplementation via milk 
replacer exhibited effects on STEC shedding within the 
VAC+ group for reasons that have not been unveiled yet 
and interactive effects of vit  E supply and  rStxMUT vac-
cination on, e.g., feed intake (N. Schmidt, T. Luhmann, 
L. Hüther, U. Meyer, S. A. Barth, L. Geue, C. Menge, J. 
Frahm, S. Dänicke, submitted for publication) have also 
to be taken into consideration.

Shiga toxoid immunization did not influence the abso-
lute amount of STEC in fecal samples that still were stx 
PCR-positive. Moreover, our data indicate that sam-
ples from VAC+ calves tended to have higher STEC 
cfu in relation to total coliform counts. As the methodi-
cal workflow allowed isolation of STEC via colony blot-
ting only from samples with STEC cfu/g feces maximally 
2  log10 levels lower than coliform flora, we assume that 
 rStxMUT vaccination reduced the incidence of STEC 
primarily in animals with low numbers of STEC within 
the coliform flora rather than affecting the shedding of 
animals with relatively high levels of STEC shedding, 
referred to as supershedders [52].

Descriptive analysis of virulence gene profiles of STEC 
isolates showed that VAC+ animals had higher number 
of different STEC profiles per fecal sample and that STEC 
strains isolated from VAC+ animals were significantly 
more often both stx1 and stx2 positive than isolates from 
VAC−. The effect of  rStxMUT vaccination is mainly indi-
rect and the success of the vaccination approach depends 
on sufficient exposure to a relevant number of bacteria 

of all strains implicated in STEC transmission dynamics 
in a respective cattle herd. In order to avoid selection of 
more virulent STEC strains by vaccination of cattle, the 
immunogenic capacity (dose) of the toxoids, the vac-
cine formulation, and the time and route of application 
have to be optimized and other virulence factors con-
served among STEC strains like intimin [51], EspB [53] 
or associated with the colonization type of STEC strains 
[6] have to be included in the vaccine and/or the feed 
composition. Nevertheless, data presented here support 
our hypothesis that the immune modulatory effect of Stx 
should be considered for integration in strategies aiming 
at reducing STEC shedding in cattle.
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