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Enterohemorrhagic Escherichia coli (EHEC) O157:H7 causes hemorrhagic diarrhea and potentially fatal renal failure in humans.
Ruminants are considered to be the primary reservoir for human infection. Vaccines that reduce shedding in cattle are only par-
tially protective, and their underlying protective mechanisms are unknown. Studies investigating the response of cattle to colo-
nization generally focus on humoral immunity, leaving the role of cellular immunity unclear. To inform future vaccine develop-
ment, we studied the cellular immune responses of cattle during EHEC O157:H7 colonization. Calves were challenged either
with a phage type 21/28 (PT21/28) strain possessing the Shiga toxin 2a (Stx2a) and Stx2c genes or with a PT32 strain possessing
the Stx2c gene only. T-helper cell-associated transcripts at the terminal rectum were analyzed by reverse transcription-quantita-
tive PCR (RT-qPCR). Induction of gamma interferon (IFN-�) and T-bet was observed with peak expression of both genes at 7
days in PT32-challenged calves, while upregulation was delayed, peaking at 21 days, in PT21/28-challenged calves. Cells isolated
from gastrointestinal lymph nodes demonstrated antigen-specific proliferation and IFN-� release in response to type III secreted
proteins (T3SPs); however, responsiveness was suppressed in cells isolated from PT32-challenged calves. Lymph node cells
showed increased expression of the proliferation marker Ki67 in CD4� T cells from PT21/28-challenged calves, NK cells from
PT32-challenged calves, and CD8� and �� T cells from both PT21/28- and PT32-challenged calves following ex vivo restimula-
tion with T3SPs. This study demonstrates that cattle mount cellular immune responses during colonization with EHEC O157:
H7, the temporality of which is strain dependent, with further evidence of strain-specific immunomodulation.

Enterohemorrhagic Escherichia coli (EHEC) O157:H7 is a bac-
terial zoonotic disease of global importance (1). Ruminants,

particularly cattle, are the predominant reservoir, and humans
become infected following fecal contamination of food, the envi-
ronment, and water (2–6). Many cases are sporadic (7); however,
large outbreaks occur periodically. While colonization of cattle is
largely asymptomatic (8), humans typically develop painful hem-
orrhagic diarrhea. A significant minority of patients progress to
potentially fatal hemolytic-uremic syndrome (HUS), a form of
renal failure resulting from Shiga toxin (Stx; also known as vero-
toxin)-induced endothelial dysfunction (9).

Significant efforts have been made in abattoirs and meat-pro-
cessing plants to reduce the contamination of beef produce
reaching the consumer. While these efforts have been partially
successful, food-borne outbreaks have not been eliminated,
and environmental transmission remains unmitigated. A range of
on-farm interventions have been proposed to reduce bacterial
shedding by cattle, including dietary manipulation, phage ther-
apy, antimicrobial treatment, probiotic administration, and vac-
cination (10–15). Recent reviews and meta-analyses have identi-
fied probiotics and vaccines as the most tractable and efficacious
control measures (12, 16, 17). Two commercial vaccines have
been developed to date. One involves a method of extraction from
bacteria cultured under iron-restricted conditions that enriches
for membrane components (Epitopix, Willmar, MN, USA). The
other is a supernatant preparation that contains type III secreted
proteins (T3SPs) (Econiche; Bioniche Life Sciences, Belleville,
Ontario, Canada). Vaccination of cattle with recombinant T3SPs
has been demonstrated to reduce colonization rates in cattle, an
effect enhanced by the addition of H7 flagellin (18, 19).

To our knowledge, the mechanism of protection of these vac-

cines has not been demonstrated. EHEC O157:H7 uses its type III
secretion system (T3SS) to deliver a range of effector proteins to
host epithelial cells (20, 21). The T3SS includes an EspA translo-
con filament, capped by the pore-forming EspB/EspD (EspB/D)
complex. The construction of the translocon and the delivery of
effector proteins by the T3SS are carefully regulated (22). Injected
effectors include the translocated intimin receptor (Tir), which
binds to the bacterial surface protein intimin and is central to the
formation of actin pedestals and intimate attaching and effacing
(A/E) lesions (23). It is reasonable to hypothesize that antibodies
directed against the structural components of the T3SS, such as
EspA/B/D, or against adhesion factors, such as intimin and its
cognate receptor Tir, may block bacterial binding. In support of
this hypothesis, vaccination of sows with intimin has been shown
to reduce the level of EHEC O157:H7 colonization of suckling
piglets (24), presumably through antibody-mediated blocking of
bacterial binding. In addition, bovine colostrum has been shown
to reduce T3SS-mediated hemolysis in vitro (25), and passive
transfer of EspB, intimin, and neutralizing antibodies against Stx2
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to calves has been demonstrated following maternal vaccination
(26). H7 flagellin has also been demonstrated to act as an adhesion
factor, and anti-H7 antibodies reduce the level of binding of bac-
teria to primary cell cultures (27).

Despite high antibody titers following vaccination with these
antigens, vaccination is only partially protective (13, 14, 28–31),
while antibody titers are inconsistently correlated with bacterial
shedding (32–34). The serological response of cattle to coloniza-
tion has also been studied extensively, and antibodies against
O157 lipopolysaccharide (LPS), H7, Tir, intimin, EspA, EspB,
EspD, EspM2, NleA, TccP, Stx1, and Stx2 have been demonstrated
(25, 33–36). Despite this, prior exposure to EHEC O157:H7 re-
sults in only partial and transient protection against reinfection
(33, 34, 37).

While cattle can shed detectable levels of EHEC O157:H7 for a
considerable period, most animals are able to clear the infection
successfully (37–39). Given the limitations of antibody-mediated
protection, it is likely that other innate and adaptive responses
play important roles in bacterial clearance. It is also rational to
hypothesize that once a microcolony has formed on an epithelial
cell, and its cellular processes are thus being manipulated by se-
creted bacterial effectors, the best way of effectively clearing the
infection is to dispose of the colonized cell. This raises the prospect
of an important role for cellular immunity in bacterial clearance.
However, to our knowledge, only two studies have considered the
role of cellular immunity during EHEC O157:H7 colonization in
ruminants; these identified lymphoproliferative cellular responses
to heat-killed EHEC O157:H7 (40) and recombinant antigens
(41) in bovine peripheral blood mononuclear cells and ovine rec-
tal lymph node cells, respectively. The case for a protective cellular
immune response is further strengthened by the observations that
colonized bovine epithelial cells are exfoliated in vivo (42) and that
some strains are efficiently internalized by bovine epithelial cells
both in vivo and in vitro (43).

While colonization of mice by Citrobacter rodentium has been
used as a model for study of the interaction of an A/E lesion-
forming bacterium with its mammalian host (44), none of the
mouse models reported to date have demonstrated convincing
colonization and A/E lesion formation with EHEC O157:H7 (45–
51). The relevance of studies on mice to the interaction of EHEC
O157:H7 with its natural bovine host is therefore unclear. In ad-
dition to being the natural reservoir of infection, cattle can also be
sampled repeatedly during colonization, allowing one to control
for interanimal variation resulting from the use of outbred popu-
lations.

We hypothesized that by quantifying T-helper cell-associated
gene transcripts at the terminal rectums of cattle during the course

of EHEC O157:H7 colonization, it would be possible to identify
and determine the direction of the cellular immune response at
the primary site of colonization. Our results show that there is a
TH type 1 skew to the response at the rectal mucosa, the temporal
nature of which differs by strain, and that colonization with both
the PT21/28 and the PT32 strain results in an increase in the pro-
portion of CD4� T cells within the rectal mucosal T-cell popula-
tion. We also present data analyzing regional lymph node re-
sponses to bacterial proteins that suggest a role for both innate and
adaptive cellular immunity in the bovine response to coloniza-
tion.

MATERIALS AND METHODS
Bacterial strains, inocula, and T3SP preparation. The strains used in this
study are listed in Table 1. Glycerol stocks were resuscitated on lysogeny
broth (LB) agar and were incubated at 37°C overnight. To generate the
inocula for the calf studies, a single colony of strain 9000 (phage type 21/28
[PT21/28]), PT32 strain 10671, Zap1380 (a naturally derived nalidixic
acid [Nal]-resistant variant of 9000), or Zap1381 (a naturally derived
Nal-resistant variant of 10671) was used to inoculate separate flasks of LB,
which were incubated at 37°C overnight. Inocula for each calf were pre-
pared by mixing 5 ml of an overnight LB culture of 9000 with 5 ml of an
overnight LB culture of Zap1380 or by mixing 5 ml of an overnight LB
culture of 10671 with 5 ml of an overnight LB culture of Zap1381, repre-
senting a final dose of �1 � 109 CFU per calf.

To generate the T3SP preparations for the study of antigen recall re-
sponses, a single colony of Zap193 (wild type [WT]) or Zap1143 (�sepL)
was used to inoculate 10 ml LB, which was incubated at 37°C (200 rpm)
overnight. The WT strain secretes predominantly structural components
of the T3SS, while the �sepL strain instead secretes a wider variety of
effector proteins (52). Two milliliters of the overnight culture was used to
inoculate 500 ml minimal essential medium (MEM)-HEPES (Sigma-Al-
drich, Gillingham, United Kingdom), which was cultured at 37°C (200
rpm) to an optical density at 600 nm (OD600) of 0.8. Bacteria were pel-
leted, and supernatants were filter sterilized (0.2-�m low protein binding
filters; Millipore, Watford, United Kingdom). Proteins were precipitated
overnight at 4°C using trichloroacetic acid (VWR International, Lutter-
worth, United Kingdom) at a final concentration of 10% (vol/vol). Pre-
cipitated proteins were pelleted at 5,000 � g for 30 min at 4°C and the
supernatant discarded. Pellets were suspended in 1.5 M Tris-HCl (pH 8.8)
and were dialyzed in phosphate-buffered saline (PBS) across a regener-
ated cellulose membrane with a molecular size cutoff rating of 3.5 kDa
(Spectrum Labs, Breda, The Netherlands). Protein preparations were
checked by separation using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and were stained with Coomassie blue (In-
vitrogen, Paisley, United Kingdom) (see Fig. S1 in the supplemental ma-
terial). The total-protein concentration was estimated using a bicin-
choninic protein assay kit (Pierce Biotechnology, Rockford, IL, USA) and
was read using a microplate reader at 562 nm (Dynex Technologies,
Worthing, United Kingdom). The lipopolysaccharide (LPS) concentra-

TABLE 1 EHEC O157:H7 strains used in this study

Strain
Shiga toxin
gene(s)

Phage
type Origin Modification(s)

Source or
reference

9000 (WX009000S01E) stx2a, stx2c PT21/28 Cattle feces None 86
Zap1380 stx2a, stx2c PT21/28 Strain 9000 Nalr This study
10671 (WX010671S01E) stx2c PT32 Cattle feces None 86
Zap1381 stx2c PT32 Strain 10671 Nalr This study
Zap193 (NCTC 12900) (WT) None NAb NCTCa None NCTC
Zap1143 (�sepL mutant) None NA Strain Zap193 Nalr, �sepL 52
a National Collection of Type Cultures (NCTC), Public Health England (https://www.phe-culturecollections.org.uk/collections/nctc.aspx).
b NA, not available.
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tion was estimated using the EndoLISA kit (Hyglos GmbH, Bernried,
Germany) and was read using a Synergy HT microplate reader (BioTek,
Winooski, VT, USA) fitted with 360/40-nm wavelength excitation and
460/40-nm wavelength emission filters.

Animal experiments. Oral bacterial challenge was performed at the
Moredun Research Institute (MRI) under Home Office license 60/3179.
Ethical approval was obtained from the MRI Animal Experiments Com-
mittee. Two groups of six conventionally reared male dairy calves were
randomly assigned to separate rooms in the MRI High Security Unit
(HSU). Two calves were housed in conventional pens. The average age of
the calves at the time of challenge was 12 � 2 weeks. At this age, all the
animals were weaned, i.e., they were ruminants yet small enough to be
handled safely in the HSU. Fecal samples obtained from each calf prior to
challenge were confirmed to be negative for EHEC O157:H7 by immuno-
magnetic separation (IMS) performed according to the manufacturer’s
instructions (anti-EHEC O157 Dynabeads; Invitrogen). Five additional
age-matched calves that had been used as controls in other studies were
used as sources of additional lymph node and rectal mucosal samples.
Fecal samples collected postmortem from these calves were screened for
the presence of EHEC O157:H7 using IMS. EHEC O157:H7 was not iso-
lated from any of the samples.

Four calves in one HSU room were orally challenged by orogastric
intubation with 500 ml PBS containing 10 ml of an overnight LB culture of
strain 9000 and its naturally derived Nal-resistant variant. Four calves in
the other HSU room were orally challenged in the same way with strain
10671 and its naturally derived Nal-resistant variant. The other two calves
(sentinels) in each HSU room were administered 500 ml PBS only.

Three days after oral challenge, 10 g surface feces taken directly from
the rectum was suspended in 90 ml sterile PBS. Samples were collected
daily for the first 2 weeks and then every other day. Tenfold serial dilutions
were prepared in PBS, and 100 �l from three dilutions across a 1,000-fold
range of dilutions was plated out in triplicate onto cefixime-tellurite sor-
bitol MacConkey agar (CT-SMAC) plates. Resuspended feces were stored
at 4°C overnight. Plates were incubated at 37°C overnight and colonies
enumerated at the most suitable dilution. Five to 10 colonies from each
plate were confirmed as O157 positive by using a latex agglutination kit
(Oxoid, Basingstoke, United Kingdom). The CFU per gram of feces was
calculated by multiplying the mean colony count of the triplicate plates by
the appropriate dilution factor. Where no colonies were observed, broth
enrichment was carried out with 1 ml of the resuspended feces added to 9
ml tryptone soya broth (TSB; Oxoid). TSBs were incubated at 37°C over-
night and were plated onto CT-SMAC plates. Overnight bacterial growth
was tested for O157 by latex agglutination. Feces that were negative by
direct plating but positive after broth enrichment were assigned a value of
10 CFU/g.

Rectal biopsy specimens were taken at �5, 7, 14, 21, and 31 days
postchallenge. A local anesthetic was applied to the anal sphincter (5%
EMLA; Astra Zeneca, Luton, United Kingdom). A rectal speculum (Vet-
erinary Instrumentation, Sheffield, United Kingdom) was used to access
the rectal mucosa. Pinch biopsy specimens from the rectal mucosa were
taken from two opposing sites approximately 5 cm proximal to the recto-
anal junction. The position of each biopsy specimen was recorded, and the
site was avoided at subsequent samplings. Biopsy specimens were imme-
diately placed into RNAlater (Ambion, Paisley, United Kingdom) and
were stored at 4°C overnight before storage at �80°C.

At the end of the trial (31 to 33 days), calves were killed using 60 ml
intravenous pentobarbital (Animalcare, York, United Kingdom). Rectal
lymph nodes (RLN), mesenteric lymph nodes (MLN) (100 cm proximal
to the ileocecocolic junction) and prescapular lymph nodes (PsLN) were
collected and were transported in 35 ml preparation medium (Hanks
buffered saline solution [HBSS] without calcium and magnesium, 2%
heat-inactivated [56°C, 30 min] fetal calf serum [HI-FCS], 10 mg/ml gen-
tamicin [Sigma-Aldrich], 200 IU/ml penicillin, and 200 �g/ml streptomy-
cin). A 0.5-cm-wide strip of rectal mucosa was dissected and was placed in

PBS containing 2 mg/ml polymyxin B (Sigma-Aldrich) for subsequent
isolation of rectal mucosal lymphocytes.

Assessment of gene expression. RNA was extracted from the rectal
biopsy specimens using the RNeasy Plus minikit (Qiagen, Hilden, Ger-
many). Biopsy specimens were disrupted in Precellys CK28 tubes using 5
23-s cycles at 6,200 rpm in a tissue homogenizer (Peqlab, Salisbury Green,
United Kingdom). Tubes were put on ice for 2 min between cycles. Re-
sidual DNA was digested on the column with DNase I (Qiagen). The RNA
yield was measured using a NanoDrop ND1000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA) and RNA quality assessed using
an RNA 6000 Nano kit for total RNA and a model 2100 Bioanalyzer
(Agilent Technologies, Wokingham, United Kingdom). All RNA samples
had an RNA integrity number (RIN) score of 	7.0.

cDNA was synthesized as per the manufacturer’s instructions, using
SuperScript II (Invitrogen) reverse transcriptase (RT), RNAseOUT (In-
vitrogen), a deoxynucleoside triphosphate (dNTP) mixture (Invitrogen),
and oligo(dT)23 primers (Sigma-Aldrich), from 1 �g RNA, where 0.5 �g
was pooled from each of the two biopsy specimens taken at each time
point. The reaction volume was 20 �l. Cycling conditions were as follows:
42°C for 2 min followed by the addition of reverse transcriptase, 42°C for
50 min, and 70°C for 15 min. cDNA was diluted 3-fold using PCR water
and was stored at �20°C prior to use.

Quantitative PCR (qPCR) was conducted in triplicate in 96-well qPCR
plates using Precision master mix with ROX (Primer Design, Southamp-
ton, United Kingdom) and an ABI Prism 7000 or ABI Prism 7500 (Ap-
plied Biosystems, Paisley, United Kingdom) qPCR instrument as per the
manufacturer’s instructions. The reaction volume was 20 �l. Cycling con-
ditions were 95°C for 15 min and 50 cycles of 95°C for 15 s and 60°C for 60
s, during which time fluorescence was read, followed by melting curve
analysis.

Reference genes were selected using the bovine geNorm kit (Primer
Design) containing primers for ATP5B, eukaryotic initiation factor 2,
subunit beta (EIF2B2), actin, beta (ACTB), succinate dehydrogenase
complex, subunit A (SDHA), RPL12, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). qPCRs were prepared using 5 �l cDNA from
each time point for three animals. qBasePLUS2 software, version 2.4
(Biogazelle, Zwijnaarde, Belgium), was used to select the GAPDH and
ATP5B genes as the most stably expressed genes. Primers and standard
curve plasmids for GAPDH and ATP5B were supplied by Primer Design
and were used as per the manufacturer’s instructions. All other primers in
this study were supplied by Eurofins Genomics (Acton, United King-
dom).

Plasmids for standard curve generation for bovine interleukin 10 (IL-
10), transforming growth factor 
1 (TGF-
1), gamma interferon (IFN-
�), tumor necrosis factor alpha (TNF-�), IL-4, and IL-13 were available
in-house. Fragments of bovine FoxP3, RAR-related orphan receptor C
(RORC), IL-17, IL-22, T-bet, and GATA3 were cloned using the external
primers shown in Table S1 in the supplemental material, which were
designed using Primer BLAST (NCBI, Bethesda, MD, USA), and their
specificity was checked against the Bos taurus RefSeq mRNA database.
Gene fragments were generated using KOD Hot Start (Millipore) DNA
polymerase, a dNTP mixture (Invitrogen), and bovine cDNA synthesized
from one rectal biopsy sample as per the manufacturer’s instructions. The
reaction volume was 50 �l. Cycling was carried out according to the fol-
lowing touchdown PCR (53) protocol: 95°C for 3 min; 15 cycles of 95°C
for 30 s, 70°C decreasing by 1°C per cycle for 45 s, and 72°C for 60 s; 20
cycles of 95°C for 30 s, 55°C for 45 s, and 72°C for 60 s; and 70°C for 10
min. PCR products were run on a 2% agarose gel and bands of the ex-
pected size excised and purified using the QIAquick gel extraction kit
(Qiagen). Two microliters of the purified amplicon mixture was A-tailed
by incubation with 5 U of GoTaq DNA polymerase (Promega, Southam-
pton, United Kingdom), 2 �l 5� GoTaq DNA master mix (Promega), 1
�l 2 mM dATP (Invitrogen), and 4 �l PCR water for 30 min at 70°C.
A-tailed amplicons were ligated into pGEM-T Easy vector plasmids (Pro-
mega) as per the manufacturer’s instructions.
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Plasmids were used to transform JM109 competent cells (Promega) as
per the manufacturer’s instructions, and the transformed cells were plated
onto LB agar containing 100 �g/ml ampicillin, 80 �g/ml 5-bromo-4-
chloro-3-indolyl-
-D-galactopyranoside (X-gal), and 500 �M isopropyl-

-D-thiogalactopyranoside (IPTG). Two white colonies for each transfor-
mation were checked by colony PCR using the internal primers shown in
Table S2 in the supplemental material. Internal primers were taken from
the literature or were designed using Primer BLAST (NCBI). Specificity
was checked against the Bos taurus RefSeq mRNA database. One PCR-
positive colony for each gene was used to inoculate 10 ml LB, and the
mixture was incubated at 37°C (200 rpm) overnight. Plasmids were puri-
fied using the Wizard Plus SV Miniprep DNA purification system (Pro-
mega). Plasmids were sequenced by Eurofins Genomics using the T7 and
M13 rev (�29) primers. Sequences were checked against the Bos taurus
RefSeq RNA database using BLAST (NCBI), and internal primers (see
Table S2) were checked using the Sequence Manipulation Suite, version 2
(Bioinformatics Organization, MA, USA). Plasmid molecular weight was
estimated using the Sequence Manipulation Suite by updating the pub-
lished plasmid sequence with the inserted sequences. One microgram of
plasmid DNA was linearized using the restriction enzyme NdeI (Pro-
mega) at 37°C for 30 min. Linearization was confirmed by agarose gel
electrophoresis. Digests were purified using the QIAquick PCR purifica-
tion kit (Qiagen); DNA was quantified; and linearized plasmids were di-
luted using PCR water to 109 copies per �l.

Plasmids were diluted across the dynamic ranges indicated in Table S3
in the supplemental material and were used to generate a standard curve
for each gene on each qPCR plate run. qPCR mixtures were prepared
using 1 �l cDNA/well. For ATP5B, GAPDH, IFN-�, T-bet, IL-17, RORC,
TNF-�, and IL-10, Precision master mix was used as per the geNorm
experiment described above. For the lower-copy-number transcripts
GATA3, FoxP3, IL-4, IL-22, IL-13, and TGF-
1, the SYBR GreenER
qPCR SuperMix (Invitrogen) was used as per the manufacturer’s instruc-
tions. Reactions were performed in duplicate, and the reaction volume
was 25 �l. Cycling conditions were 50°C for 2 min, 95°C for 10 min, and
40 cycles of 95°C for 15 s and 60°C for 60 s, during which time fluorescence
was read, followed by melting curve analysis.

Standard curves were calculated from the threshold cycle (CT) values
using ABI Prism 7000 SDS software, version 1.2.3 (Applied Biosystems),
and the calculated gene copies/�l cDNA were exported in comma-sepa-
rated variable files. An SQL script (MySQL Community Server, version
5.1) was used to calculate the arithmetic mean for the technical repeats
and then to normalize the copy number/�l cDNA for each gene to the
geometric mean copy number/�l cDNA for the reference genes ATP5B
and GAPDH as described previously (54).

Analysis of mucosal T-cell populations. Rectal mucosal strips col-
lected postmortem were cut into 1-cm by 2-cm pieces, placed in 25 ml
digestion medium consisting of Dulbecco’s modified Eagle medium
(DMEM; Sigma-Aldrich) supplemented with 10% HI-FCS, 75 IU/ml col-

lagenase (Sigma-Aldrich), and 20 �g/ml dispase I neutral protease, grade
1 (Roche, Basel, Switzerland), and incubated at 37°C (200 rpm) for 90
min. The digested samples were shaken vigorously and were centrifuged at
405 � g for 5 min. The supernatant was passed through a 100-�m filter
(BD Biosciences, San Jose, CA), made up to 50 ml with lymphocyte me-
dium (RPMI 1640 [Gibco], 10% HI-FCS, 200 mM L-glutamine [Invitro-
gen], 0.004% 
-mercaptoethanol [Sigma-Aldrich], 100 IU/ml penicillin,
and 100 �g/ml streptomycin [Invitrogen]), and centrifuged at 405 � g for
5 min. The supernatant was discarded and the pellet resuspended in 50 ml
lymphocyte medium. This process was repeated until the supernatant was
clear after centrifugation. The pellet was resuspended in 10 ml lymphocyte
medium; cells were enumerated; and a V bottom 96-well plate was seeded
with 1 � 106 cells/well. Unless otherwise stated, incubations were carried
out for 30 min at 4°C, and 2% fluorescence-activated cell sorting (FACS)
buffer (2% HI-FCS in PBS) was used for washes and antibody dilutions.
The antibodies used are listed in Table 2. Unstained, no-primary-anti-
body, and single-stained controls were prepared. The cells were washed
once, resuspended, and incubated with anti-bovine CD3 and anti-bovine
CD4, CD8, or TcR1-N24(). The cells were washed three times, resus-
pended, and incubated with anti-mouse IgG1 and anti-mouse IgG2a or
anti-mouse IgG2b for 20 min. The cells were subsequently washed and
were resuspended in 2% FACS buffer. Data were acquired using a FAC-
SCalibur flow cytometer (BD Biosciences) with a total of 10,000 events
collected in the gated region. Compensation and analysis were conducted
using FlowJo, version 7.5 (Tree Star, Ashland, OR, USA).

Ex vivo restimulation experiments. Lymph nodes extracted post-
mortem were first washed twice with 25 ml preparation medium and then
placed in a 100-mm by 25-mm petri dish containing 15 ml preparation
medium. The nodes were repeatedly incised and were then transferred to
a stomacher bag and placed in a stomacher for 30 s. The contents were
then filtered through a 70-�m nylon filter (Fisher Scientific, Loughbor-
ough, United Kingdom) and were made up to 20 ml with preparation
medium. The suspension was underlaid with 10 ml Ficoll-Paque (GE
Healthcare, Little Chalfont, United Kingdom) and was centrifuged at
800 � g for 30 min at 4°C. The mononuclear cells were harvested from the
top of the Ficoll layer and were washed twice in PBS before being resus-
pended in lymphocyte medium. Spare cells were resuspended in 10%
(vol/vol) dimethyl sulfoxide (DMSO; Sigma-Aldrich) in HI-FCS and were
stored in cryovials at 1 � 107 cells/ml in liquid nitrogen. Round-bottom
96-well plates were seeded with 1 � 105 cells/well and were stimulated
with 5 �g/ml WT or �sepL T3SPs. Controls included concanavalin A
(ConA: 5 �g/ml; Sigma-Aldrich), lymphocyte medium, and 38 or 78 en-
dotoxin units (EU)/ml O111:B4 LPS (Sigma-Aldrich), corresponding to
the LPS concentration of the WT or �sepL T3SPs, respectively. Cultures
were incubated for 5 days under a humidified 5% CO2 atmosphere at
37°C. Cultures were pulsed with 1 �Ci/well of [3H]thymidine (PerkinEl-
mer, Waltham, MA) for the final 18 h of incubation by removing 50 �l of
the supernatant and replacing it with [3H]thymidine-containing lympho-

TABLE 2 Antibodies used in this study

Reactivity Clone/host Isotype Conjugate Supplier

Bovine CD3 MM1A IgG1 None Washington State University, Pullman, WA
Bovine CD4 ILA12 IgG2a None In-house
Bovine CD8 ILA105 IgG2a None In-house
Bovine TcR1-N24() GB21A IgG2b None Washington State University, Pullman, WA
Bovine NKp46 AKS1 IgG1 Alexa Fluor 488 AbD Serotec, Oxford, UK
Bovine IFN-� CC302 IgG1 Alexa Fluor 647 AbD Serotec, Oxford, UK
Mouse IgG Goat NAa Alexa Fluor 488 Molecular Probes, Paisley, UK
Ki67 Rabbit NA None Abcam, Cambridge, UK
Rabbit Ig Goat NA Alexa Fluor 405 Molecular Probes
Mouse IgG1 Goat NA Alexa Fluor 647 Molecular Probes
Mouse IgG2a Goat NA Phycoerythrin Molecular Probes
Mouse IgG2b Goat NA Alexa Fluor 488 Molecular Probes
a NA, not applicable.
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cyte medium. The removed supernatants were stored at �20°C prior to
use. Cells were harvested onto glass fiber filters (PerkinElmer, Waltham,
MA, USA). [3H]thymidine incorporation was quantified using an auto-
mated scintillation counter (PerkinElmer) and was expressed as counts
per minute, with each test performed in triplicate. Stimulation indices (SI)
were calculated by dividing the mean value for ConA by the mean value
for the medium control or by dividing the mean value for the T3SPs by the
mean value for the relevant LPS control.

IFN-� release was measured using high-binding 96-well enzyme-
linked immunosorbent assay (ELISA) plates (Corning, Amsterdam, The
Netherlands) and a commercial bovine IFN-� ELISA kit (Mabtech AB,
Nacka Strand, Sweden) as per the manufacturers’ instructions. Results
below the limit of detection were assigned a value of 16 pg/ml. The super-
natants of triplicate wells harvested as described above were pooled, and
IFN-� was assayed in duplicate. IFN-� release indices were calculated by
dividing the mean value for ConA by the mean value for the medium
control or by dividing the mean value for the T3SPs by the mean value for
the relevant LPS control.

Proliferation marker expression. For each animal, one vial of rectal
lymph node cells stored in liquid nitrogen was resuscitated in lymphocyte
medium and was used to seed round-bottom 96-well plates at 5 � 105

cells/well. Cells were stimulated in duplicate with 5 �g/ml heat-treated
(110°C for 30 min) WT T3SPs. Controls and culture conditions were as
described above. Brefeldin A (10 �g/ml; Sigma-Aldrich) was added for the
final 5 h of incubation by removing 50 �l of the supernatant and replacing
it with spiked lymphocyte medium. Duplicate stimulated cultures were
first pooled and then split evenly between 6 wells of a 96 well round-
bottom plate.

The antibodies used are listed in Table 2. Unless stated otherwise,
incubation was carried out for 30 min at 4°C, and 5% FACS buffer (5%
HI-FCS, 0.02% sodium azide in PBS) was used for washes and antibody
dilutions. Unstained, no-primary-antibody, single-stained, and fluores-
cence-minus-one (FMO) controls were prepared. Cells were pelleted, re-
suspended, and incubated with anti-bovine CD4, CD8, TcR1-N24(), or
NKp46. Cells were washed twice, resuspended, and incubated with anti-
mouse IgG. Cells were washed twice with PBS and were incubated with
Live/Dead Fixable Near-IR reactive dye (Invitrogen) in 0.1% DMSO in
PBS. Cells were washed in PBS and were fixed using 1% paraformaldehyde
for 10 min at room temperature. Cells were washed in PBS and were
permeabilized overnight in permeabilization/block buffer (5% FACS buf-
fer, 0.2% saponin [Sigma-Aldrich], 20% heat-inactivated mouse serum
[Invitrogen]). Cells were pelleted, resuspended, and incubated for 1 h
with anti-bovine IFN-� and anti-Ki67 in permeabilization buffer (5%
FACS buffer, 0.2% saponin). Cells were washed twice in permeabilization
buffer, resuspended, and incubated for 1 h with anti-rabbit Ig in permea-
bilization buffer. Cells were washed twice in permeabilization buffer and
were resuspended in PBS. The entire sample was analyzed using a MACS-
Quant flow cytometer (Miltenyi Biotec, Surrey, United Kingdom). Com-
pensation and data analysis were conducted using FlowJo, version 10.0.7
(Tree Star). The gating strategy is shown in Fig. S2 in the supplemental
material.

Statistical analysis. Statistical analysis of RT-qPCR data was per-
formed using SAS, version 9.3 (SAS Institute Inc., Cary, NC, USA). All
other statistical analyses and plotting of graphs were performed using R,
version 3.1.0 (55), and the ggplot2 (56), lattice (57), nlme (58), lme4 (59),
plyr (60), reshape (61), multcomp (62), grid (55), gridExtra (63), and
lsmeans (64) packages.

T-helper cell-associated gene copy numbers were analyzed for the four
orally challenged calves in each group and the two control calves. The fold
change in gene expression from the prechallenge level was calculated for
each gene and was log10 transformed. These log values were analyzed
using linear mixed models, with log10 prechallenge gene copies, experi-
mental group, days postchallenge, and the interaction of the experimental
group with the number of days postchallenge fitted as fixed effects. Ani-

mals were fitted as random effects. The use of log values ensured that
normality requirements for the mixed model were satisfied.

Flow cytometry counts of surface marker-positive versus surface
marker-negative CD3� T cells isolated from the terminal rectum were
analyzed using generalized linear models. These fitted the experimental
group as the only explanatory variable and fitted a dispersion parameter to
allow for overdispersion in the data. Comparisons between each pair of
experimental groups were made using Tukey tests. Flow cytometry counts
of Ki67-positive versus Ki67-negative, surface marker-positive rectal
lymph node cells were also analyzed using generalized linear models with
the experimental group, the ex vivo stimulant, and the interaction of the
experimental group with the ex vivo stimulant fitted as explanatory vari-
ables, and a dispersion parameter was included to allow for overdisper-
sion in the binomial data. Comparisons between each pair of experimen-
tal groups were made using Tukey tests.

Log10-transformed thymidine incorporation, IFN-� release, stimula-
tion indices, and IFN-� release indices were analyzed using linear mixed
models with restricted maximum likelihood. The models fitted the exper-
imental group, ex vivo stimulant, and lymph node as fixed effects. Addi-
tionally, two-way interactions between every two main effects were tested
and were retained in the model if significant. The animal, the interaction
of the animal with the lymph node, and the interaction of the animal with
the stimulant were fitted as random effects. Comparisons between each
pair of experimental groups were made using Tukey tests. When there was
a significant interaction between the experimental group and the lymph
node or stimulant, pairwise comparisons were made within the results for
each lymph node or stimulant, again using Tukey tests.

RESULTS
Bacterial shedding. Individual shedding curves for each calf are
shown in Fig. 1. EHEC O157:H7 was detectable at 	103 CFU/g
feces in all orally challenged calves from the first sampling at 3 days
postchallenge until days 8 and 10 for the PT32 and PT21/28
strains, respectively, with peak shedding occurring between days 3
and 7. Bacteria were present at 	103 CFU/g in both sentinel calves
in the PT21/28 group from the first sampling until day 10, with
peak shedding occurring at days 6 and 8. Shedding did not exceed
103 CFU/g until day 4 for one of the two PT32 sentinel calves and
exceeded 103 CFU/g only on day 8 for the other, with peak shed-
ding occurring at days 7 and 8. Shedding after day 10 was more
heterogeneous in all calves, with some animals exceeding 103

CFU/g at multiple samplings while others remained below 103

CFU/g for the remainder of the study. These results confirm that
the subsequent immunological analyses were conducted on suc-
cessfully colonized animals.

Gene expression at the terminal rectum during colonization.
The inflammatory transcript TNF-�, TH1-associated transcripts
IFN-� and T-bet, TH2-associated transcripts IL-4, IL-13, and
GATA3, TH17-associated transcripts IL-17, IL-22, and RORC,
and regulatory T cell (TReg)-associated transcripts IL-10, TGF-
1,
and FoxP3 were quantified in rectal biopsy specimens taken from
orally challenged calves at �5, 7, 14, 21, and 31 days postchallenge.
Since the exact time of challenge was unknown for the sentinel
animals, only transcript data from the orally challenged calves
were analyzed. Transcripts for IL-4 and IL-13 were below the limit
of quantification of 100 and 1,000 copies per �l of cDNA, respec-
tively (data not shown). The log10-transformed relative change in
expression from the prechallenge level was calculated for the re-
maining data and was analyzed using linear mixed models for each
transcript of interest. The tests of the fixed effects for each model
are shown in Table S4 in the supplemental material. The predicted
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means and 95% confidence intervals (95% CI) of the model out-
puts are shown in Fig. 2 and Table S5 in the supplemental material.

Analysis of TNF-� as a general inflammatory indicator was
included. There was no statistically significant change in expres-
sion at any time point in either control or challenge groups, indi-
cating that the biopsy procedure and challenge did not induce a
detectable inflammatory response. Levels of GATA3, the only
TH2-associated transcript that could be quantified, increased
gradually and peaked with 2.23-fold (95% CI, 1.20- to 4.14-fold;
P � 0.0134) and 2.65-fold (95% CI, 1.56- to 4.50-fold; P � 0.001)
increases at 21 days postchallenge in the PT21/28 and PT32
groups, respectively. There was no statistically significant change
in the control group.

The patterns of expression of the TH1-associated transcripts
were noticeably different for the two strains. IFN-� expression in
the PT32-challenged calves increased 2.79-fold (95% CI, 1.72- to
4.52-fold; P � 0.0002) by 7 days postchallenge and declined grad-
ually, remaining significantly above prechallenge levels until 21
days postchallenge. This was in stark contrast to induction in the
PT21/28-challenged calves, where IFN-� expression remained
unchanged until its peak at 21 days of 2.47 times prechallenge
levels (95% CI, 1.51 to 4.04 times prechallenge levels; P � 0.001).
There was no change in IFN-� expression in the control animals.
Changes in T-bet expression in PT32-challenged calves also
peaked at 7 days (2.93-fold; 95% CI, 1.93- to 4.44-fold; P �
0.0001), but T-bet expression declined more rapidly than IFN-�
expression, to below prechallenge levels by 14 days (0.61-fold;
95% CI, 0.4- to 0.92-fold; P � 0.0214), where it remained until the
end of the trial. T-bet expression in the PT21/28-challenged group
was noticeably different, with biphasic induction at 7 days (1.69-
fold; 95% CI, 1.11- to 2.59-fold; P � 0.0169) and 21 days (2.09-
fold; 95% CI, 1.37- to 3.19-fold; P � 0.0016). In the control group,
T-bet expression was significantly lower than prechallenge levels
at 7 (0.38-fold; 95% CI, 0.21- to 0.69-fold; P � 0.0026), 21 (0.22-
fold; 95% CI, 0.12- to 0.39-fold; P � 0.0001), and 31 (0.53-fold;
95% CI, 0.29- to 0.95-fold; P � 0.0346) days postchallenge. For all
three groups, T-bet expression was significantly below prechal-
lenge levels by day 31. Taken together, these results suggest a
strong TH type 1 skew in the response to colonization, the tempo-
ral dynamics of which differed by strain.

None of the three TH17-associated transcripts IL-17, IL-22,
and RORC demonstrated a statistically significant increase in ex-

pression following challenge. IL-22 expression was somewhat
variable within the control and PT32-challenged groups, as evi-
denced by the wide 95% CI. IL-17 expression remained un-
changed until day 31, when it was significantly lower than prechal-
lenge levels in the control group (0.57-fold; 95% CI, 0.32- to
0.99-fold; P � 0.0467) and in PT21/28-challenged calves (0.55-
fold; 95% CI, 0.37- to 0.81-fold; P � 0.0047). RORC expression
followed a similar pattern, with statistically significant downregu-
lation in PT21/28-challenged calves (0.56-fold; 95% CI, 0.37- to
0.85-fold; P � 0.0089), PT32-challenged calves (0.57-fold; 95%
CI, 0.38- to 0.87-fold; P � 0.0111), and control calves (0.50-fold;
95% CI, 0.28- to 0.89-fold; P � 0.0218) by 14 days. IL-22 expres-
sion in the PT21/28 group was down at day 7 (0.43-fold; 95% CI,
0.20- to 0.89-fold; P � 0.0257), with no other statistically signifi-
cant changes in expression until day 31, when it was reduced in the
PT21/28 (0.36-fold; 95% CI, 0.17- to 0.76-fold; P � 0.0094) and
PT32 (0.44-fold; 95% CI, 0.21- to 0.92-fold; P � 0.0314) groups.

The TReg-associated transcripts TGF-
1 and FoxP3 demon-
strated strong induction in control calves at 7 days, with changes
of 12.64-fold (95% CI, 4.89- to 32.70-fold; P � 0.0001) and 4.67-
fold (95% CI, 1.50- to 14.54-fold; P � 0.0102), respectively. Un-
like FoxP3 expression, which returned to baseline, TGF-
1 ex-
pression remained elevated until the end of the study. This was in
contrast to IL-10 expression, which was unchanged in the control
calves until it was downregulated on day 31 (0.42-fold; 95% CI,
0.24- to 0.74-fold; P � 0.0047). All three genes were downregu-
lated at various time points relative to prechallenge levels in PT21/
28-challenged calves: IL-10 was downregulated on days 7 (0.58-
fold; 95% CI, 0.40- to 0.84-fold; P � 0.0062) and 21 (0.66-fold;
95% CI, 0.46- to 0.96-fold; P � 0.0295), TGF-
1 was downregu-
lated from day 7 (0.05-fold; 95% CI, 0.02- to 0.11-fold; P �
0.0001) until the end of the trial, and FoxP3 was downregulated on
day 7 only (0.35-fold; 95% CI, 0.13- to 0.96-fold; P � 0.0423). In
contrast, IL-10 expression remained unchanged in PT32-chal-
lenged calves; however, TGF-
1 expression was upregulated from
day 14 (2.38-fold; 95% CI, 1.53- to 3.71-fold; P � 0.0005) until the
end of the trial, and FoxP3 was upregulated on day 21 only (2.77-
fold; 95% CI, 1.15- to 6.67-fold; P � 0.0249) in this group.

T cell subsets at the terminal rectum after colonization. Lym-
phocytes were isolated from the terminal rectum postmortem and
were analyzed by flow cytometry. The numbers of CD4�, CD8�,
and � T-cell receptor-positive (�TCR�) T cells as proportions

FIG 1 Fecal shedding of EHEC O157:H7 by experimentally infected weaned calves. Six calves were housed in each of two separate HSU rooms. Four calves in
each HSU room were dosed with EHEC O157:H7 (strain 9000 in one room and strain 10671 in the other) by orogastric intubation (challenged), while two calves
in each room received PBS only (sentinel). Each curve represents an individual animal. Arrowheads indicate rectal biopsy time points.
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of CD3� cells are presented in Fig. 3. The experimental group was
a statistically significant variable for the proportions of CD4� (de-
grees of freedom [df] � 2; deviance � 7,852.1; P � 0.0009) and
CD8� (df � 2; deviance � 1,209.1; P � 0.0335) T cells but not for
the proportions of �TCR� T cells (df � 2; deviance � 1,290.1;
P � 0.1006). Tukey comparisons confirmed that the proportions
of CD4� cells were significantly higher at 58.8% (95% CI, 48.4 to
68.5%; Z-score [z] � 3.602; P � 0.0009) in the PT21/28-chal-
lenged calves and 63.5% (95% CI, 54.8 to 71.4%; z � 4.496; P �
0.0001) in the PT32-challenged calves than in the control group
(31.4%; 95% CI, 22.5 to 41.9%), suggesting a CD4� T-cell infil-
trate into the rectal mucosa in challenged calves. The proportion

of CD8� cells was significantly lower, at 15.8% (95% CI, 11.5 to
21.2%; z � �2.892; P � 0.0106), in the PT21/28-challenged calves
than in the control group (27.5%; 95% CI, 21.8 to 34.1%).

Ex vivo restimulation of regional lymph node cells. Fresh
lymph node cells were extracted postmortem and were restimu-
lated for 5 days with concentrated bacterial secreted protein prep-
arations that include primarily T3SPs. Responses to a wild-type
(WT) T3SP preparation consisting predominantly of translocon
proteins were compared to responses to a T3SP preparation from
an isogenic �sepL mutant containing minimal translocon-associ-
ated proteins but increased amounts of secreted effector proteins
(52). To distinguish between antigen-specific responses and non-

FIG 2 Gene expression at the terminal rectums of calves orally challenged with EHEC O157:H7. Data represent predicted means and 95% confidence intervals
from linear-mixed-model analyses of changes in log10-transformed gene expression from prechallenge levels. Statistically significant differences from prechal-
lenge levels are indicated for control (black symbols), strain 9000 (PT21/28)-challenged (blue symbols), and strain 10671 (PT32)-challenged (red symbols)
calves. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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specific proliferation in response to LPS, control wells were spiked
with EHEC O111:B4 LPS, so that the final concentration of LPS in
control wells was matched to that in the T3SP preparations (WT
LPS and �sepL LPS). Levels of thymidine incorporation and
IFN-� release are presented in Fig. 4 as the fold change from the
level for the respective LPS control (Fig. 4A and B) and as absolute
thymidine incorporation (Fig. 4C) and IFN-� concentration
(Fig. 4D).

Antigen-specific responses. The stimulation index (fold
change in thymidine incorporation from that for the relevant LPS
control) provides an assessment of antigen-specific proliferation
in response to the two T3SP preparations. Model selection showed
that the interaction between the ex vivo stimulant and the lymph
node was significant (P � 0.0078), demonstrating that the anti-
gen-specific responses were different within each lymph node.
Tukey comparisons (see Table S6 in the supplemental material)
show that the stimulation index for the �sepL T3SPs was 1.77-fold
higher (standard error [SE] � 1.16; t ratio [TR] � 3.8; P � 0.0058)
than that for the WT T3SPs at the RLN and 2.83-fold higher (SE �
1.16; TR � 6.9; P � 0.0001) at the MLN, but there was no differ-
ence at the control PsLN (SE � 1.16; TR � 2.5; P � 0.1391). The
stimulation index for the �sepL T3SP was 15.7-fold higher (SE �
1.28; TR � 11.0; P � 0.0001) at the RLN and 8.9-fold higher (SE �
1.28; TR � 8.7; P � 0.0001) at the MLN than at the PsLN, but
there was no difference between the RLN and MLN (SE � 1.28;
TR � 2.3; P � 0.2342). The stimulation index values for the WT
T3SP, however, differed for the three different types of lymph
nodes, with 2.8-fold (SE � 1.28; TR � 4.1; P � 0.0024) and 13.0-
fold (SE � 1.28; TR � 10.2; P � 0.0001) higher values at the RLN

than at the MLN and PsLN, respectively, and a 4.6-fold higher
value (SE � 1.28; TR � 6.1; P � 0.0001) at the MLN than at the
PsLN.

Given the TH type 1 skew identified by RT-qPCR in response to
colonization, IFN-� release was used as a second readout for lym-
phocyte activation and was again expressed as the fold increase
over the level for the relevant LPS control (IFN-� release index).
None of the mixed-model interactions were significant, indicating
that the difference between the T3SP preparations was the same
across all the lymph nodes. Tukey comparisons (see Table S7 in
the supplemental material) demonstrate that the IFN-� release
index was 2.4-fold higher (SE � 1.21; z � 4.5; P � 0.0001) for the
�sepL T3SP than for the WT T3SP. The index was also 7.2-fold
higher (SE � 1.58; z � 4.3; P � 0.0001) at the RLN and 4.3-fold
higher (SE � 1.58; z � 3.2; P � 0.00578) at the MLN than at the
PsLN. There was no difference between the RLN and MLN (SE �
1.58; z � 1.1; P � 0.61659).

Overall responsiveness of regional lymph node cells. The in-
teraction plots (Fig. 4C and D) indicate that both total thymidine
incorporation and IFN-� release (i.e., values not normalized to
the LPS control) in response to the T3SP preparations and LPS
were lower at the RLN and PsLN in PT32-challenged calves than
in PT21/28-challenged calves. This observation was confirmed by
formal statistical testing. For thymidine incorporation, the inter-
actions between the experimental group and the lymph node (P �
0.0079) and between the ex vivo stimulant and the lymph node
(P � 0.0001) were significant. Tukey comparisons between exper-
imental groups within each type of lymph node (see Table S8 in
the supplemental material) show lower levels of thymidine incor-
poration—2.64-fold lower (SE � 1.44; TR � 2.6; P � 0.0355) at
the RLN and 3.4-fold lower (SE � 1.44; TR � 3.3; P � 0.0071) at
the PsLN—across all ex vivo stimulant groups (ConA, medium
only, WT T3SP, WT LPS, �sepL T3SP, and �sepL LPS) for PT32-
challenged calves than for PT21/28-challenged calves.

For IFN-� release, the interactions between the experimental
group and the ex vivo stimulant (P � 0.0061), between the exper-
imental group and the lymph node (P � 0.0043), and between the
ex vivo stimulant and the lymph node (P � 0.0001) were all sig-
nificant. Tukey comparisons of IFN-� release between experi-
mental groups within each node–ex vivo stimulant combination
(see Table S9 in the supplemental material) showed that at the
RLN, only the antigen-specific responses varied by experimental
group. The WT T3SPs resulted in a 12.2-fold (SE � 2.06; TR �
3.5; P � 0.0035) reduction in IFN-� release in PT32-challenged
calves from that in PT21/28-challenged calves. As with thymidine
incorporation, there were no significant differences at the MLN,
while at the PsLN, IFN-� release was 7.1-fold (SE � 2.06; TR �
2.7; P � 0.0251), 28.7-fold (SE � 2.06; TR � 4.7; P � 0.0001),
10.6-fold (SE � 2.06; TR � 3.3; P � 0.0061), 13.4-fold (SE � 2.06;
TR � 3.6; P � 0.0025), and 8.8-fold (SE � 2.06; TR � 3.0; P �
0.0119) higher in PT21/28-challenged calves than in PT32-chal-
lenged calves in response to medium only, WT T3SPs, WT LPS,
�sepL T3SPs, and �sepL LPS, respectively.

Immunophenotyping of proliferating rectal lymph node
cells in response to WT T3SP. Resuscitated RLN cells were incu-
bated for 5 days with ConA, medium only, treated WT T3SPs, or
EHEC O111:B4 LPS. The proportions within each subset of cells
expressing the proliferation marker Ki67 are presented in Fig. 5.
Data were analyzed using generalized linear models, and analysis-
of-deviance tables are shown in Table S10 in the supplemental

FIG 3 Flow cytometry analysis of CD3� T-cell subsets at the terminal rectums
of EHEC O157:H7-colonized calves postmortem. Circles represent results for
individual animals. Error bars represent the predicted means and 95% confi-
dence intervals from generalized linear model analysis for each T-cell subset.
The significance of differences found by Tukey comparisons between chal-
lenged and age-matched control calves is indicated as follows: *, P � 0.05; **,
P � 0.01; ***, P � 0.001.
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FIG 4 Proliferation of, and IFN-� release by, bovine lymph node cells isolated postmortem and restimulated ex vivo for 5 days with either 5 �g/ml ConA, medium only,
5 �g/ml EHEC O157:H7 T3SPs from the sepL deletion strain Zap1143 (�sepL) or its isogenic wild-type (WT) strain Zap193, or medium containing a matched
concentration of commercial EHEC O111:B4 LPS. �sepL T3SP preparations contain mainly secreted effector proteins, while WT T3SP preparations consist mainly of
structural translocon components. The use of these two different T3SP preparations allows the relative contributions of structural and effector proteins to antigen recall
responses to be compared. Cells were isolated from rectal lymph nodes (RLN), mesenteric lymph nodes (MLN), and prescapular lymph nodes (PsLN). (A and B)
Proliferation (A) and IFN-� release (B) are expressed as indices, representing fold changes in the response to T3SPs from levels with the relevant LPS controls. Circles
represent individual animals. (C and D) Interaction plots illustrate mean thymidine incorporation (C) and IFN-� release (D) by lymph node cells from each experimental
group in response to different stimuli. Error bars represent predicted means and 95% confidence intervals from linear-mixed-model analysis.
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FIG 5 Flow cytometry analysis of proliferation marker (Ki67) expression by different lymphocyte subsets isolated postmortem from the rectal lymph nodes of
control and EHEC O157:H7-challenged calves. Frozen cells were resuscitated and were restimulated ex vivo for 5 days with 5 �g/ml ConA, medium only, 5 �g/ml
treated EHEC O157:H7 T3SPs (WT), or medium containing a matched concentration of commercial EHEC O111:B4 LPS (LPS). Circles represent individual
animals. Error bars represent predicted means and 95% confidence intervals from generalized-linear-model analysis for each lymphocyte subset.
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material. Retaining the interaction between the experimental
group and the ex vivo stimulant in the models caused comparisons
between experimental groups to be based on unweighted averages
across the stimulants.

Tukey comparisons for each model are shown in Table S11 in
the supplemental material. For all four cell types, there was no
significant change in the proportion of cells staining positive for
Ki67 in response to LPS compared to the medium control, while
the proportions of CD4� and CD8� cells, but not �TCR� or
NKp46� cells, staining Ki67 positive increased in response to
ConA. These results confirm that none of the cell types prolifer-
ated in response to LPS, while only the CD4� and CD8� T cells
proliferated in response to ConA.

In PT21/28- but not PT32-challenged animals, a significantly
higher proportion of CD4� T cells stained Ki67 positive in re-
sponse to WT T3SPs than in response to the LPS control. Con-
versely, in PT32- but not PT21/28-challenged animals, there was a
significantly higher proportion of NKp46� cells staining Ki67
positive in response to WT T3SPs than in response to the LPS
control. In both groups of challenged calves, a higher proportion
of CD8� and �TCR� T cells stained Ki67 positive in response to
WT T3SPs than in response to the LPS control.

DISCUSSION

The objective of this study was to characterize the temporal pat-
tern of expression of a panel of transcripts associated with differ-
ent T-helper cell polarizations at the terminal rectum, which is the
principal site of EHEC O157:H7 colonization in calves (65). These
results were then used to inform experiments in which regional
lymph node cells were extracted and restimulated ex vivo with
T3SP antigens.

Since the results of this study will be used to guide future vac-
cine development, the selection of clinically relevant strains was an
important consideration. In the United Kingdom, PT21/28
strains are associated with higher levels of shedding in cattle than
PT32 strains (66) and represent the predominant isolates from
human HUS cases (67). In addition, PT21/28 strains are more
likely to possess both Stx2a and Stx2c genes, whereas bovine PT32
strains are more likely to possess the Stx2c genes only (68). While
cattle do not suffer from the same severe endothelial sequelae of
Stx exposure as humans, there is a significant body of evidence
that Stx can affect bovine leukocyte function (40, 69–74). Given
the important epidemiological differences between these phage
types and their propensity to possess different Stx types, we
wanted to compare components of the cellular immune response
in cattle following colonization with representative PT21/28 and
PT32 strains. The strains used in this study were selected because
they had common characteristics of these phage types in cattle.
PT21/28 strain 9000 contains both Stx2a- and Stx2c-encoding
genes and was isolated from a bovine fecal pat with relatively high
EHEC O157:H7 levels, while PT32 strain 10671 contains Stx2c
only and was isolated from a bovine fecal pat with relatively low
EHEC O157:H7 levels.

Both these strains successfully colonized all the orally chal-
lenged cattle and were efficiently transmitted to the two sentinel
calves. This study does not have the power to make comparisons
between the shedding profiles of orally challenged and those of
sentinel calves or between the transmissibilities of the two strains;
however, these results will be used to inform power calculations
leading to larger trials that will specifically address these questions.

While EHEC O157:H7 can be isolated from multiple sites
within the bovine gastrointestinal tract, efficient colonization with
A/E lesion formation has been demonstrated at the terminal rec-
tum (65). This offers the opportunity to use minimally invasive
rectal biopsy specimens to study the interaction between the bac-
teria and the mucosal surface at different stages during coloniza-
tion. It was our hypothesis that by studying the expression of genes
associated with different T-helper cell polarizations, it would be
possible to determine whether a T-helper response is induced at
the site of infection, as well as the type of this response within the
TH1, TH2, TH17, and TReg paradigm. Since mathematical model-
ing of bacterial shedding dynamics suggests that bacterial replica-
tion on the mucosal surface declines precipitously 5 to 7 days
following oral challenge (75), biopsy specimens were taken at 7
days after challenge and weekly until the end of the study. Previous
work using a bovine-specific cDNA microarray to analyze rectal
biopsy specimens taken up to 7 days postchallenge demonstrated
differential expression of 49 genes in response to colonization
across a range of pathways (76). None of the genes analyzed in our
study were identified as differentially regulated by the previous
microarray approach. Because a subset of 1,676 genes was present
on the microarray and the list of these genes is no longer available
(Robert Collier, University of Arizona, personal communication),
we are unable to determine whether the T-helper cell-associated
transcripts we have analyzed were included in that previous study.

Rectal mucosal biopsy specimens were taken at different posi-
tions at each sampling time point to avoid resampling the same
sites. The stability of TNF-� expression in the control animals
indicates that the experimental protocol did not result in a general
inflammatory response within the mucosa. In addition, the lack of
induction of TNF-� in the challenge groups would also indicate
that this cytokine is not an important component of the bovine
response to colonization at the terminal rectum. This is signifi-
cant, because TNF-� is upregulated during C. rodentium coloni-
zation in mice (77), while pretreatment of bovine colonic explants
with TNF-� has been shown to upregulate mucin secretion and
reduce EHEC O157:H7 colonization (78). The observation that
TNF-� is not induced at the terminal rectum would imply that
this pathway is not active in vivo and is likely to contribute to the
difference between the pathogenicity of C. rodentium in mice,
which results in weight loss, moderate mortality, and colonic hy-
perplasia (79, 80), and that of EHEC O157:H7 in cattle, where the
infection is asymptomatic and demonstrates only a mild neutro-
philic infiltrate, suggesting that while immunogenic, colonization
is not a major inflammatory event (42).

The induction of both IFN-� and T-bet during colonization is
indicative of a TH type 1 polarized response at the terminal rec-
tum, which is further supported by the inability to detect either
IL-4 or IL-13 transcripts. This is in keeping with studies of C.
rodentium in mice, which has been shown to induce IFN-� but not
IL-4 (77), while experiments using knockout mice have confirmed
the importance of IFN-� in bacterial clearance (81).

The lack of a detectable TH17 response in this study, in con-
junction with the significant downregulation of RORC, suggests
that there are additional important differences between the bovine
response to EHEC O157:H7 and the response to C. rodentium in
mice, where IL-22, IL17A, and IL-23 p19 are upregulated during
colonization (82), while IL-23 (p19�/�) (83), IL-22 (82), IL17A,
and IL17F (84) knockout mice demonstrate increased pathology
and deficiencies in controlling bacterial replication.
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The strain differences in this study were striking. In PT32-
challenged calves, as might be anticipated, both IFN-� and T-bet
demonstrated maximal induction around the time of peak shed-
ding at 7 days postchallenge. In PT21/28-challenged calves, how-
ever, maximal induction for both genes occurred at 21 days post-
challenge, with moderate induction of T-bet but not IFN-� at 7
days. This strain-specific uncoupling of the IFN-� and T-bet re-
sponses in early infection and the delayed induction of a convinc-
ing TH type 1 response were surprising. IFN-� can be produced by
a wide variety of leukocytes, and T-bet can be expressed by both
innate lymphoid cells and lymphocytes (85). It is therefore not
possible to infer whether the differences in the dynamics of gene
expression observed in the PT21/28-challenged animals are due to
innate versus adaptive mechanisms or to a change in the kinetics
of the response. While research to determine the complete ge-
nome sequences of the two challenge strains is ongoing, it is al-
ready known that the PT21/28 strain contains both Stx2a and
Stx2c lysogens, whereas the PT32 strain contains Stx2c only. The
toxin type and level of production may, in part, account for dif-
ferences, but we also know that there are complex regulatory in-
teractions between prophages and bacterial host gene expression,
including colonization factors (86) and core genome regulatory
elements (87). Additional in vitro and in vivo work with isogenic
Stx and Stx-encoding bateriophage knockout strains is planned to
explore these concepts in more detail.

TGF-
1 and FoxP3 were both upregulated in the control ani-
mals, suggesting a TReg skew. It is unclear whether this is inciden-
tal. Interestingly, the induction of both genes is dampened or ab-
sent in the challenged calves compared to unchallenged controls,
with only moderate induction in PT32-challenged animals and
downregulation in the PT21/28-challenged animals. This pro-
vides further evidence supporting a convincing TH1 skew and the
reciprocal downregulation of TReg responses.

The induction of GATA3 at 21 days postinfection suggests that
there may be a role for TH type 2 immunity later during the course
of infection. B-cell-deficient mice have demonstrated impaired
clearance of C. rodentium and reduced bacterial shedding follow-
ing systemic administration of immune sera (88), despite a strong
TH type 1 response during early stages of infection, suggesting that
while the initial response is biased toward cellular immunity, the
role of humoral immunity and/or the presence of a healing re-
sponse (89) may be important as colonization progresses.

In an attempt to understand the impact of colonization on the
T-cell subsets at the terminal rectum, lymphocytes were extracted
postmortem and were double stained for CD3 and either CD4,
CD8, or �TCR. The increase in the proportion of CD4� T cells is
indicative of a T-helper cell infiltrate and is strongly suggestive of
an adaptive component in the response to colonization. To inves-
tigate this further, regional lymph node cells were restimulated ex
vivo with two different T3SP preparations. Since we had identified
a strong TH type 1 response, IFN-� release was used alongside
thymidine incorporation as a readout of lymphocyte activation.
Previous studies using heat-killed bacteria to restimulate rumi-
nant lymphocytes have not controlled for the presence of LPS
(40), and our results show that the responsiveness of cells to LPS
differs by lymph node, with PsLN cells being more responsive than
intestinal lymph node cells. Once the effects of LPS had been con-
trolled for, antigen-specific proliferation and IFN-� release in re-
sponse to both T3SP preparations were significantly higher in cells
isolated from the two intestinal lymph nodes than in those from

the control PsLN, confirming enhanced recognition of EHEC
O157:H7 antigens at sites anatomically relevant to colonization.
There was no difference between the experimental groups, sug-
gesting that the experimental animals had previously been ex-
posed to some of the T3SP antigens and/or epitopes used in this
study, although the animals were screened for EHEC O157 colo-
nization at multiple times prior to the challenges. An alternative
but less likely explanation for the response is that these protein
preparations could contain effectors that drive lymphocyte prolif-
eration, as is the case with the staphylococcal superantigen TSST
(toxic shock syndrome toxin) (90), although one would predict
that proliferation would be equivalent throughout all lymph
nodes if this were the case. Of interest was the significantly stron-
ger response from all the lymph nodes to the �sepL T3SP. Since
LPS was controlled for and these preparations were matched by
protein concentration, it is reasonable to hypothesize that the se-
creted effectors are potentially more immunogenic than the struc-
tural components. While vaccines containing native secreted and
recombinant T3SP structural proteins have been shown to reduce
shedding in cattle (13, 28, 29), our current results lend further
weight to the consideration of secreted effector proteins in EHEC
O157:H7 cattle vaccines and work to define the most immuno-
genic of these in terms of a TH1 response.

The observation that cells from the RLN and PsLN of PT32-
challenged animals are less responsive than those from control
and PT21/28-challenged animals is suggestive of systemic immu-
nomodulation by this strain. Paradoxically, however, this effect
was not observed at the MLN. This effect was missed when we
were examining the stimulation and IFN-� release indices due to
the reduction in responsiveness also affecting the medium and
LPS controls. Currently, it is unclear what may be responsible for
this immunomodulation. While Stx activity is a prime candidate,
it is interesting that it was the Stx2c-positive PT32 strain, and not
the PT21/28 strain, which contains both Stx2a and Stx2c, that
demonstrated this repression, suggesting that factors other than
Stx may be involved.

In an effort to understand which cell types were involved in
responding to T3SPs at the RLN and consequently which cell types
might be attenuated by PT32 challenge, the proliferation of the
different lymphocyte subsets was characterized by flow cytometry.
Heat-inactivated protein preparations were used to exclude the
possibility of effector bioactivity driving proliferative responses.
CD8� and �TCR� T cells from colonized animals demonstrated
statistically significant proliferation in response to the T3SPs, in-
dependently of LPS and any potential biological activity of the
preparations. It is interesting that these antigens are able to drive
both �TCR� and CD8� T-cell proliferation, suggesting a role for
� T cells in the response to colonization and the selection of CD8
T-cell clones that are responsive to major histocompatibility com-
plex (MHC) class I-presented EHEC O157:H7 peptides. While
CD8� T-cell-depleted mice do not demonstrate a deficit in C.
rodentium clearance (91), the injection of bacterial effector pro-
teins into host cells via the T3SS means that bacterially derived
peptides may be presented on MHC class I molecules. Mathemat-
ical modeling of proteasome degradation, TAP processing, and
MHC class I loading in humans suggests that secreted EHEC
O157:H7 effectors have an altered amino acid composition like
that of viral proteins, enabling them to reduce the efficiency by
which they are presented by MHC class I molecules (92). The lack
of a protective CD8� T-cell response in mice to an A/E lesion-
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forming organism does not necessarily mean that these cells do
not play an important role in host immunity to EHEC O157:H7 in
cattle.

The CD4� T-cell proliferative response to WT T3SPs seen in
PT21/28-challenged calves was absent in PT32-challenged calves,
while the NK cell proliferative response seen in PT32-challenged
calves was absent in PT21/28-challenged calves. This may indicate
that the PT32 strain is effectively cleared via innate mechanisms in
contrast to the PT21/28 strain, which may be able to evade com-
ponents of the innate response, resulting in a stronger adaptive
response. Alternatively, the PT32 strain may specifically target
adaptive immunity by suppressing CD4� T-cell function. NK cells
have recently been demonstrated to play an important role in C.
rodentium clearance (93). If innate immunity is an important
component of the immune response in cattle, it may explain why
rechallenge experiments demonstrate only a partial and short-
term protective effect following bacterial clearance (33). Further
work is required to better understand the interaction of these
strains with bovine leukocytes.

This study is the first to definitively demonstrate a TH type 1
immune response to EHEC O157:H7 in cattle. The temporal dif-
ferences in this response between the two strains studied raise
important questions about strain-dependent strategies used by
these pathogens to evade host immunity and prolong persistence
in the gastrointestinal tract. The roles of innate versus adaptive
cellular immunity have not been dissected in this study; however,
both are likely to be important, and the organism appears to be
directly targeting CD4� T-cell and/or NK cell function through as
yet unidentified mechanisms. The serological responses to EHEC
O157:H7 vaccination have been extensively studied; however, fu-
ture vaccine development will need to measure the impact of vac-
cination on cellular immunity and to test the hypothesis that while
high antibody titers may be important in blocking bacterial adhe-
sion, cellular immune responses are required for bacterial clear-
ance. In addition, the targeting of immunomodulatory virulence
factors to improve vaccine efficacy should be considered.
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