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Mycobacterial diseases of cattle are responsible for considerable production losses
worldwide. In addition to their importance in animals, these infections offer a nuanced
approach to understanding persistent mycobacterial infection in native host species.
Mycobacterium avium ssp. paratuberculosis (MAP) is an enteric pathogen that
establishes a persistent, asymptomatic infection in the small intestine. Difficulty in
reproducing infection in surrogate animal models and limited understanding of mucosal
immune responses that control enteric infection in the natural host have been major
barriers to MAP vaccine development. We previously developed a reproducible challenge
model to establish a consistent MAP infection using surgically isolated intestinal segments
prepared in neonatal calves. In the current study, we evaluated whether intestinal
segments could be used to screen parenteral vaccines that alter mucosal immune
responses to MAP infection. Using Silirum® — a commercial MAP bacterin — we
demonstrate that intestinal segments provide a platform for assessing vaccine efficacy
within a relatively rapid period of 28 days post-infection. Significant differences between
vaccinates and non-vaccinates could be detected using quantitative metrics including
bacterial burden in intestinal tissue, MAP shedding into the intestinal lumen, and vaccine-
induced mucosal immune responses. Comparing vaccine-induced responses in mucosal
leukocytes isolated from the site of enteric infection versus blood leukocytes revealed
substantial inconsistences between these immune compartments. Moreover, parenteral
vaccination with Silirum did not induce equal levels of protection throughout the small
intestine. Significant control of MAP infection was observed in the continuous but not the
discrete Peyer’s patches. Analysis of these regional mucosal immune responses revealed
novel correlates of immune protection associated with reduced infection that included an
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increased frequency of CD335™ innate lymphoid cells, and increased expression of /.21
and /L27. Thus, intestinal segments provide a novel model to accelerate vaccine screening
and discovery by testing vaccines directly in the natural host and provides a unique
opportunity to interrogate mucosal immune responses to mycobacterial infections.

Keywords: Mycobacterium, paratuberculosis, Peyer’s patches, innate lymphoid cell, vaccine, mucosal immunity,

interleukin-21, interleukin-27

INTRODUCTION

The majority of pathogenic mycobacteria are mucosal pathogens
that establish a chronic state of infection. Mycobacterium avium ssp.
paratuberculosis (MAP) - the etiological agent of Johne’s disease in
ruminants - is an intracellular pathogen that establishes a persistent
infection in the small intestine. With no effective vaccine to control
or prevent infection, Johne’s disease remains endemic in cattle,
sheep and goats (1) and contributes to significant global production
losses (2-4). Prolonged transmission (5) of MAP in feces (6) and
milk (7) by asymptomatic carriers impedes current efforts to reduce
MAP prevalence in dairy and beef cattle. Moreover, detection of
MAP in the environment, retail milk, and water supplies coupled
with associations with Crohn’s disease in humans have raised food
safety concerns of MAP zoonosis (8). The development of an
effective MAP vaccine remains an elusive goal despite decades of
research (9) primarily due to the lack of understanding the mucosal
immune responses that control enteric MAP infections within the
natural host (i.e., cattle, goat, and sheep). Such analyses may also
provide new insights into mucosal mycobacterial diseases in
humans and other animal host species (10).

Three vaccines have been licensed for the control of Johne’s
disease. Mycopar® (Boehringer Ingelheim, USA) was licensed in
the United States for use in cattle. Silirum® (CZ Veterinaria, S.A.,
Spain) is licensed in Spain for use in sheep, and Gudair® (Zoetis,
USA) is licensed in Australia for use in sheep. These vaccines are all
inactivated bacterins formulated in oil emulsions and delivered by
parenteral injection. Most countries and producers are hesitant to
implement these vaccines since there is the potential for MAP
bacterins to induce cell-mediated and antibody responses that
cross-react with antigens used for bovine tuberculosis testing (11-
13). Furthermore, these vaccines do not prevent or control infection
but have vaccine claims for a reduction in clinical disease and fecal
shedding of MAP (9, 14-16). Experimental alternatives to the
inactivated bacterins have been developed and evaluated. These
include parenteral (17) and oral (11) live-attenuated vaccines,
parenteral subunit vaccines containing recombinant MAP
proteins (18, 19), and parenteral viral vectored vaccines (20).
These experimental vaccines have been evaluated in either
caprine (17, 21) or bovine (19, 20) oral MAP challenge models.
Parenterally administered vaccines can alter the host-MAP
interaction at a mucosal site but fail to achieve substantial
reductions in either intestinal infection or MAP fecal shedding,
parameters essential for effective control of Johne’s disease.

Failure to develop an effective vaccine to control MAP infection
has not been due to a lack of candidate MAP antigens. Advances in
bioinformatics and recombinant technologies has provided a

growing list of novel MAP vaccine antigens and live-attenuated
strains. Effective screening of vaccine candidates has been limited by
a lack of validated cellular and cytokine immune correlates of
protection. This has in turn limited rapid screening of potential
vaccine candidates. Moreover, animal models for vaccine screening,
such as mice and goats, fail to recapitulate bovine MAP enteric
infection. For example, in the goat model, persistent MAP infection
is consistently established in major enteric mucosal immune
induction sites such as discrete Peyer’s patches (DPP) in the
jejunum, the ileocecal valve PP and the proximal colon PP but is
not consistently present in the continuous PP (CPP) (22, 23). In
contrast, MAP is consistently detected in CPP in both naturally
infected (24, 25) and experimentally challenged calves and cows.
Furthermore, when comparing calf and goat oral infection models,
significant inter-species differences in MAP bacterial burden in
intestinal tissues and mesenteric lymph nodes were reported (26).

We developed a surgical model in neonatal calves to establish
consistent levels of MAP infection at specific intestinal sites (27-29).
With this infection model we observed MAP infection persists in
CPP but is significantly reduced or controlled in DPP by 12 months
post-infection (29). Consistent infection in our model overcomes
the problem of variable infection rates and non-uniform
distribution of infection throughout the gastrointestinal tract
observed with oral challenge models (11, 19-21, 30-32). Further,
oral challenge is associated with intermittent fecal shedding
occurring days, weeks, and months post-infection (33, 34). Fecal
shedding may result in recurrent enteric infection at multiple sites
throughout the gastro-intestinal tract. These factors increase inter-
animal variability following oral challenge and impedes
quantification of MAP intestinal burden, fecal shedding, and
mucosal immune responses within and among experimental
groups. Furthermore, oral infection models are expensive, have a
prolonged infection period to measurable clinical disease, and in
many cases do not use the natural target host species. Challenges
associated with sampling intestinal tissues and isolating mucosal
leukocytes from a known site of infection to analyze local immune
responses present additional hurdles that have hindered
characterization of vaccine antigen immunogenicity and efficacy.
The majority of MAP vaccine studies have used blood leukocytes to
analyze immune responses with no validation that similar immune
responses occur at the site of enteric infection. In the absence of data
linking systemic and mucosal immune responses, there is no
rational basis for evaluating parenterally delivered vaccine
antigens or vaccine formulations.

There is a need for a model in the natural host that achieves
consistent levels of infection in all challenged animals, provides
quantitative metrics of vaccine efficacy, and is amendable to
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high throughput analysis to accelerate screening of candidate
MAP vaccines. In this study, we used a surgical infection model
in neonatal calves as a model for screening parenteral vaccines,
and investigated whether vaccination controlled enteric
infection and altered mucosal immune responses following
enteric MAP infection. Silirum®, a MAP bacterin that is
injected parenterally, demonstrated proof-of-concept that
intestinal segments provide a platform that could be used to
assess vaccine efficacy within 28 days post-infection.
Quantitative metrics including bacterial burden in intestinal
tissue, MAP shedding into the intestinal lumen and vaccine-
induced mucosal immune responses were used to determine if
significant differences could be detected when comparing
vaccinated and unvaccinated controls. We demonstrate with
both Silirum and recombinant MAP protein-based vaccines
that vaccine-induced responses occurring at the site of enteric
infection did not reflect responses measured with blood
leukocytes. Furthermore, we observed that Silirum vaccination
did not induce equal levels of protection throughout the small
intestine. Regional differences in control of MAP infection
provided an opportunity to identify mucosal immune
responses correlating with control of enteric MAP infection in
the natural host. We utilized flow cytometric analysis and
analysis of vaccine-induced cytokine responses to identify
novel surrogate markers of immune protection. The potential
for this novel MAP infection model to accelerate MAP vaccine
discovery and further our understanding of immune responses
controlling mycobacterial mucosal infections are discussed.

MATERIALS AND METHODS
Ethics Approval Statement

All animal experiments were completed at the University of
Saskatchewan following guidelines provided by the Canadian

Council on Animal Care and approved by the University of
Saskatchewan Animal Care Committee (Protocol #20160076).

Vaccine Study Design

For the Silirum® vaccine study, twelve (12) male Holstein calves
(one month old) sourced from a local supplier were randomly
assigned to one of two groups (Figure 1). On Day 0, Group 1
(n=6) received a 1 ml subcutaneous injection of the Silirum®
vaccine (CZ Veterinaria, S.A., Spain) in the neck as per the
manufacturer’s instructions, and Group 2 (n=6) received a sham
vaccine prepared with 0.5 ml adjuvant (MONTANIDE ™ ISA 61
VG; Seppic S.A., France) mixed with 0.5 ml phosphate-buffered
saline (PBS). On Day 56 post-vaccination, intestinal segments
were surgically prepared in each calf and challenged with MAP
(see Animals, Surgery and MAP Infection). On Day 84 (28 days
post-infection), blood was collected to isolate peripheral blood
mononuclear cells (PBMC), and calves were euthanized to collect
intestinal tissue and isolate mucosal leukocytes (see Isolation of
Immune Cells).

For the recombinant MAP protein-based subunit vaccine
study, twenty-four (24) male Holstein calves (one month old)
sourced from a local supplier were randomly assigned to one of
four groups (Figure 1). Group A (n=6) calves were vaccinated
subcutaneously with two ml adjuvant (30% Emulsigen; Phibro
Animal Health, Omaha, NE) supplemented with 125 pg/ml CpG
oligodeoxynucleotides ODN_2007 (BioSpring, GmbH,
Frankfurt, Germany). Group B (n=6), group C (n=6) and
group D (n=6) calves were vaccinated subcutaneously with a
unique pool (50 pg each) of five recombinant MAP proteins
(Table 1) formulated in 30% Emulsigen and CpG ODN. This
vaccine adjuvant formulation has been shown to enhance the
immunogenicity of recombinant proteins and promote cell-
mediated immune responses when administered parenterally in
calves (35). A homologous prime-boost regimen was used with
each calf receiving a primary vaccination on Day 0 and a booster
on Day 28. On Day 56 post-vaccination, intestinal segments were

Primary Booster Surgery - Euthanize
. immunization immunization MAP challenge Collect tissues
Silirum
vaccine ' '
sy Y Y Y \
vaccine
Day 0 Day 28 Day 56 Day 84
Calf
age 4 weeks 2 mon 3 mon 4 mon

FIGURE 1 | Vaccine study designs. Silirum vaccine study: Six, 4-week old calves received a single subcutaneous dose of the Silirum® vaccine (CZ Veterinaria S.A.,
Spain) and six other calves received adjuvant alone (MONTANIDET'VI ISA 61 VG). Subunit vaccine study: Six calves were subcutaneously injected with adjuvant alone
(80% EmulsigenTM, 250 pg CpG ODN) and an additional three groups (six calves per group) were each injected with one of three pools of 5 recombinant
Mlycobacterium avium ssp. paratuberculosis (MAP) proteins using a homologous prime-boost regimen. On Day 56 intestinal segments were surgically prepared and
10"° CFU MAP injected into the lumen. A representative in situ image of an intestinal segment at 28 days post-infection (Day 84) in a four month old calf is shown
with hash marks identifying the intestinal segment located among the surrounding intact intestine and the arrow indicating the site of surgical anastomosis. LN,
mesenteric lymph node.
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TABLE 1 | Vaccine-induced cytokine responses in peripheral blood and mucosal leukocytes at 28 days post-infection.

Vaccine Group MAP load in Protein PBMCs Discrete PP cells
luminal contents®P
IFNG® IL17A° IFNG® IL17A° IL12B¢
B 5.75 + 0.62 MAP0367 571
(p=0.024)
MAP3836¢c 551
(p=0.022)
MAP1981c 731 701
(p=0.015) (p=0.006)
MAP4143 581 591 181
(p=0.044) (p=0.013) (p=0.0005)
MAP2121c 1.7 1
(p=0.0001)
C 6.53 + 0.46 MAP1588¢c 511 191
(p=0.020) (p=0.034)
MAP3840 1.61
(p=0.062)
MAP4142 411 6.8 1
(p=0.08) (p=0.013)
MAP1530
MAP3968 421 191
(p=0.030) (p=0.074)
D 5.37 + 0.86 MAPO0144 291 21 1581 1.3
(p=0.026) (p=0.035) (p=0.0002) (p=0.028)
MAP4263 311 21 15.2 ) 161
(p=0.049) (p=0.019) (p=0.0006) (p=0.001)
MAP3550 271 181
(p=0.069) (p=0.003)
MAPO115 321 24 14.8 | 211
(p=0.052) (p=0.006) (p=0.003) (p=0.008)
MAPO0187¢c 171 8.8 161
(p=0.037) (p=0.027) (p=0.061)
A 5.73+1.0

PBMCs (5 x 10°) and Discrete PP cells (2 x 10°) collected at 28 days post-MAP infection from non-vaccinates (Group A) and vaccinates (Groups B, C, and D) were re-stimulated ex vivo
with individual recombinant MAP protein (2.5 ug/mi) for 24 h. Cytokine transcript abundances of IFNG, IL12B, IL17A, and IL27 were quantified using real-time gRT-PCR.

“Mean MAP CFU (log10)/g + SD.

bOne-way ANOVA, p=0.22. Group A, n=6; Group B, n=5; Group C, n=4; and Group D, n=6.

“Mean fold-difference in transcript abundance of vaccinates relative to non-vaccinates with arrows indicating vaccine-induced upregulation or downregulation. Differences in vaccine-
induced cytokine responses relative to non-vaccinates were determined using a Student’s t test.

surgically prepared in each calf and challenged with MAP (see
Animals, Surgery and MAP Infection). On Day 84 (28 days post-
infection), blood was collected to isolate PBMCs, and calves
euthanized to collect intestinal tissue and isolate mucosal
leukocytes (see Isolation of Immune Cells).

Production of Recombinant MAP Proteins

MAP genes, codon optimized for protein expression in E. coli, were
synthesized as double-stranded DNA fragments (GeneArt Gene
Synthesis; Thermo Fisher Scientific, Inc.) for direct cloning into the
Gateway® expression vector pET301/CT-DEST (Thermo Fisher
Scientific, Inc.). Recombinant plasmids were transformed into
E.coli BL21Star (DE3) competent cells (ThermoFisher Scientific,
Inc.) and verified by sequencing. E. coli cells containing
recombinant plasmids were cultured in Lysogeny Broth
supplemented with 100 pg/ml carbenicillin (MilliporeSigma
Canada Co.) at 37°C to an ODg of 0.5-0.6. Recombinant protein
expression was induced by adding 1 mM isopropyl B-d-1-
thiogalactopyranoside (IPTG; Life Technologies), and bacterial
cultures incubated for 4 h at 37°C. Bacterial cells were harvested
by centrifugation and the cell pellets suspended in lysis buffer (8 M

urea, 500 mM NaCl, 100 mM NaH,PO,, 10 mM imidazole, and 10
mM Tris-HCl, pH 8) and homogenized by sonication. The
homogenate was centrifuged for 10 min at 10,000 x g and the
clarified supernatant incubated with nickel-NTA agarose resin
(Qiagen, Inc.) for 16-24 h at 4°C to capture C-terminal fused
6xHis-tagged recombinant protein. The resin was packed into a
Poly-Prep chromatography column (Bio-Rad Laboratories, Inc.)
and washed with four bed volumes of lysis bufter followed by eight
bed volumes of wash buffer (8 M urea, 500 mM NaCl, 100 mM
NaH,PO, and 10 mM Tris-HCl, pH 6.3). Recombinant proteins
were eluted from the resin by sequentially adding 1 bed volume of
each buffer: Buffer D (8 M urea, 500 mM NaCl, 100 mM NaH,PO,,
8% glycerol and 10 mM Tris-HCI, pH 5.5); Bufter E (Buffer D, pH
4.5); and 10 mM Tris-HCl, pH 8.0 containing 25 mM EDTA.
Protein integrity and purity in each fraction was assessed by SDS-
PAGE, and quantified using the Bio-Rad Protein Assay Kit' " (Bio-
Rad Laboratories, Inc.). Elution fractions were stored at —80°C.

Animals, Surgery, and MAP Infection
Conventionally reared, 14-21 day old male Holstein calves were
obtained from a local supplier that sources bull calves at 1 day of
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age from multiple dairy herds in Saskatchewan. Calves were
individually housed at the local supplier’s farm. Calves arriving at
the facility were acclimated for a minimum of one week. Calves
received colostrum from their dams at the time of birth, and were
fed commercial milk replacer until weaned at 8 weeks of age.
After weaning, calves were fed a diet of hay and a grain-pellet
mixture ad libitum. Currently, no regional Johne’s disease
control programs are active in Saskatchewan, therefore MAP-
infection status of dams and colostrum are unknown. Calves
were individually housed up to the time of surgery, and then
group housed following MAP challenge. Targeted delivery of
MAP inoculum into surgically isolated intestinal segments
precludes MAP fecal shedding and mitigates any concern of
cross-contamination among calves.

Calves were recruited as pairs and randomly assigned to
groups. Surgeries were performed on two calves per day over
three consecutive days resulting in a weekly cohort consisting of
unvaccinated and vaccinated animals. Surgeries were completed
weekly until all animals were challenged. Each intestinal segment
was approximately 15-20 cm in length. Animal housing, feeding,
anesthesia, surgery, post-surgical care, and MAP infection have
been previously described in detail (28, 36). Special precaution
was taken during each surgery to preserve vasculature and
lymphatic connections of each intestinal segment through the
mesenteric attachment and continuity of the intestinal tract was
re-established by an end-to-end anastomosis of the intestine
proximal and distal to the intestinal segment. Calves in the
Silirum vaccine study had two intestinal segments surgically
isolated: one in the mid-jejunum containing a DPP and the
other proximal to the ileocecal fold (terminal jejunum)
containing a CPP. Calves in the subunit vaccine study had a
single intestinal segment in the mid-jejunum (containing a DPP)
surgically prepared. MAP strain gc86 (10'° CFU; Supplementary
Figure 1) was injected into the lumen of each intestinal segment.
This strain is a low-passage Type II field isolate of MAP (37)
previously used in calf infection studies (28, 29, 38, 39). For each
trial, a low-passage frozen stock of MAP strain gc86 was plated
and a single colony inoculated into Difco™™" Middlebrook 7H9
broth (BD and Company, USA) supplemented with 10% BBL™
Middlebrook OADC Enrichment (BD and Company, USA) and
2 mg/L ferric mycobactin J (Allied Monitor Inc., USA). Log
phase cultures were used to prepare cell pellets weighing 300 mg,
and aliquots cryopreserved in 7H9 broth containing 25% glycerol
and stored at -80°C. One day prior to challenge, an aliquot was
suspended in 5 ml of 7H9 medium and incubated at 37°C. At the
time of challenge, the MAP cells were re-suspended in 5 ml PBS
and used as the inoculum; a sample was serially diluted and
plated on Difco™™ Mycobacteria 7H11 Agar (BD and Company,
USA) supplemented with 10% BBL™ Middlebrook OADC
Enrichment (BD and Company, USA) and 2 mg/L ferric
mycobactin J (Allied Monitor Inc.,, USA) to enumerate
viable CFUs for each challenge inoculum (Supplementary
Figure 1).

Gross Examination and Histology
At 28 days post-infection, calves were euthanized by intravenous
injection with Euthanyl (20 ml/45 kg body weight; Bimeda-MTC,

Canada) and tissue was collected within 10-15 min. Adjacent intact
intestine and intestinal segments were harvested and photographed
to document gross appearance. Intestinal segments were bisected
along the mesenteric attachment to reveal the mucosal surface,
which was examined and photographed, and luminal contents
collected. Intestinal tissues were immediately submerged in 10%
neutral-buffered formalin for histology. Tissue embedding, tissue
sectioning, hematoxylin & eosin (H&E) staining, Fite’s stain (for in
situ detection of acid-fast bacilli), and immunohistochemical
staining (for MAP antigen) was completed by Prairie Diagnostic
Services (Saskatoon, SK, Canada). Images of stained tissue sections
were acquired using an Olympus Virtual Slide Scanning Microscope
(Olympus-Life Science, Japan) which was completed by the WCVM
Imaging Centre (University of Saskatchewan, Saskatoon,
SK, Canada).

MAP Bacterial Culture

PP tissue (minimum 100 mg) collected from each intestinal
segment was weighed and washed with three exchanges of PBS,
vigorously vortexing each time for 20 s to clean the mucosal
surface. Tissue was subsequently homogenized in 5 ml PBS using
a PRO200 homogenizer (PRO Scientific Inc., USA). Tissue
homogenate was serially diluted 10-fold and the first four
dilutions were plated on Difco' Mycobacteria 7H11 Agar (BD
and Company, USA) supplemented with 10% BBL™
Middlebrook OADC Enrichment (BD and Company, USA), 2
mg/L ferric mycobactin J (Allied Monitor Inc., USA), 50 pg/ml
carbenicillin (MilliporeSigma Co.) and 10 pg/ml amphotericin B
(MilliporeSigma Co.). MAP recovery from tissue was calculated
as CFU/g of PP tissue. To determine MAP load in the intestinal
lumen, luminal contents (approximately 5 g) were weighed,
suspended in 30 ml PBS and vigorously vortexed to obtain a
homogeneous suspension. This suspension was serially diluted
10-fold and the first 4 dilutions plated. MAP recovery from
luminal contents was calculated as CFU/g of contents. All plates
were incubated at 37°C, and monitored weekly for 8 weeks to
allow for colony formation.

Isolation of Immune Cells

Blood was collected from the jugular vein and PBMCs isolated
using previously established protocols (27). PBMCs were re-
suspended in HyClone'" Dulbecco’s Low Glucose Modified
Eagles medium (DMEM; GE Healthcare Life Science)
supplemented with 10% fetal bovine serum (FBS), 100 pg/ml
streptomycin, 100 units/ml penicillin, 0.25 pg/ml amphotericin B
(MilliporeSigma Co.), and 10 pg/ml gentamicin (MilliporeSigma
Co.; ‘complete DMEM’). Mucosal leukocytes were isolated from
the submucosa of PPs following a previously established protocol
(28) that recovers cells from the submucosal lymphoid follicles
and interfollicular regions of PPs, collectively referred to as ‘PP
cells’. The resulting cell suspensions were adjusted to 2.5 x 10”/ml
in complete DMEM.

Viability of PBMCs and PP cells were consistently > 98% as
determined by trypan blue exclusion. For flow cytometric
analysis, cells were cryopreserved in aliquots of 2.5 x 107 cells/
ml/vial in DMEM medium containing 10% v/v DMSO and
20% FBS.
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Ex Vivo Restimulation Assay

Freshly isolated PBMCs (5 x 10°/well) and PP cells (2 x 10/well)
were seeded in 12-well tissue culture plates in a final volume of
1 ml complete DMEM, and incubated at 37°C in a humidified
chamber with an atmosphere of 5% CO,. Cells were cultured
with either medium alone, 2.5 pg/ml of individual recombinant
MAP proteins, or 5 pg/ml MAP whole cell lysate. At 24 h post-
stimulation, cells in suspension were collected, centrifuged for
7 min at 300 x g, and the supernatant discarded. One ml of
TRIzol™ Reagent (Thermo Fisher Scientific, Inc.) was added to
each well to detach and lyse adherent cells, and subsequently
used to re-suspend the cell pellet from the corresponding well.
Samples were incubated at room temperature for 10-15 min
before storing at -80°C.

Preparation of MAP Whole Cell Lysate
Whole cell lysate was prepared from a log-phase culture of MAP
strain gc86 cultured in Difco Middlebrook 7H9 Broth
supplemented with 10% Middlebrook OADC enrichment (BD
and Company, USA) and 2 mg/L ferric mycobactin J (Allied
Monitor Inc., USA). MAP cells were pelleted by centrifugation
for 5 min at 12,000 x g, suspended in ice-cold lysis buffer [PBS,
5% glycerol, 5 mM EDTA, ImM PMSF] and homogenized 5 x 25
s with 0.1 mm Zirconia/Silica beads using a Mini-Beadbeater-16
(Bio Spec Products Inc.). Protein concentration of the clarified
supernatant was quantified using a Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Inc.) and aliquots stored at -20°C.

RNA Extraction From PBMCs and Mucosal
Leukocytes

Cells lysed and suspended in TRIzol'" Reagent were extracted
once with chloroform (0.2 ml/ml TRIzol™ Reagent) and RNA
isolated from the aqueous phase using the RNeasy Mini Kit
(Qiagen, Inc.) as per the manufacturer’s instructions. RNA
integrity, quality and quantity were assessed using an Aglient
2100 BioAnalyzer and NanodropTM Spectrophotometer (Thermo
Fisher Scientific, Inc.). Samples were stored at —80°C.

Reverse Transcription and Real-Time
gRT-PCR

Genomic DNA removal and cDNA synthesis was completed using
the QuantiTect Reverse Transcription Kit (Qiagen, Inc.), as per the
manufacturer’s instructions. cDNA samples were diluted with
RNase-, DNase-free water to a concentration of 4 ng/ul, and
stored at —20°C. Real-time qPCR reactions were performed in
duplicate with each reaction consisting of PerfeCTa SYBR Green
SuperMix " (Quanta Biosciences, Inc.), 300 nM of gene-specific
primers (Supplementary Table 1) and 20 ng of cDNA in a final
volume of 15 pl. The thermal cycling program was 2 min at 95°C for
initial denaturation, followed by 36 cycles of 95°C for 15 s, 60°C for
30 s and 72°C for 30 s, using a Bio-Rad CFX Connect Real-Time
PCR Detection SystemTM (Bio-Rad Laboratories, Inc.). Quantitative
threshold cycle (Cq) for each reaction was determined by the CFX
Maestro' " Software (Bio-Rad Laboratories, Inc.) and average Cq
calculated using arithmetic average of the technical replicates.
Average Cq of each sample was normalized to the constitutively

expressed gene YWHAZ (40). Relative expression was calculated
using the equation 27*4“4 as previously described (41).

Flow Cytometry

The protocol for cell labelling and antibodies for targeting bovine
immune cells were previously described (42). Briefly,
cryopreserved PBMCs and PP cells were re-suspended to a
concentration of 2 x 107 cells/ml in cell-labeling buffer (PBS
containing 0.2% w/v gelatin and 0.03% v/v sodium azide), and a
50-pl aliquot added to each well of a U-bottom 96-well plate
(Corning, Inc.). An equal volume of primary monoclonal
antibody (Supplementary Table 2) diluted in cell-labeling
buffer was added to each well, incubated on ice for 20 min,
and washed three times with cell-labeling buffer. Fluorochrome-
conjugated anti-Ig isotype-specific antibodies (Supplementary
Table 2) were added to each well, incubated on ice in the dark for
20 min, and washed three times in cell-labeling buffer. Cells were
fixed using 2% formaldehyde in PBS, and stored at 4°C in the
dark. Samples were analyzed with a FacsCalibur (Becton-
Dickinson; NJ) using CellQuestPro acquisition and analysis
software. A minimum of 10,000 events were captured for each
sample and data was collected in list-mode. Isotype controls
(Supplementary Table 2) and unstained cells were used to
monitor the specificity of the cell staining protocol and
reagents, and used to set gates for quantifying specific
cell populations.

Serum IgG Antibody ELISA

Serum was prepared from whole blood collected in SST
Vacutainers (Becton Dickinson and Company; USA) and
aliquots stored at —20°C. Serum samples were collected prior to
primary vaccination (Day 0), booster immunization (Day 28),
MAP challenge (Day 56), and euthanization (Day 84, 28 days
post-infection). The analyst was blinded to treatment groups while
performing ELISAs and calculating antibody titers. Immulon"" 2
HB flat bottom 96-well microtiter plates (Thermo Fisher Scientific,
Inc.) were coated by adding 100 pl/well of individual recombinant
MAP proteins (1 pg/ml) diluted in bicarbonate-carbonate buffer,
pH 9.5 and incubated overnight at 4°C. After washing with water,
wells were blocked with diluent (Tris-buffered saline [TBS]
supplemented with 1% fish gelatin) for 45 min at room
temperature (RT). Four-fold serial dilutions of serum (starting at
1:40, in diluent) were added to duplicate wells and incubated at RT
for 2 h. For detection of IgG antibodies, alkaline-phosphatase
conjugated, goat anti-bovine IgG (1:10,000 in diluent) was added
to each well and incubated for 1 h at RT. Each well was reacted with
1 mg/ml p-nitrophenyl phosphate (PNPP) diluted in PNPP buffer
(MilliporeSigma Co.) for 2 h at RT. Colorimetric reactions were
stopped by adding 70 mM EDTA and absorbance measured at 405
and 490 nm (reference wavelength) using a SpectraMax Plus 384" "
Reader (Molecular Devices; USA). Antibody titers were determined
using the reciprocal of the highest dilution that resulted in an
absorbance value greater than the mean + 2 standard deviations
(SD) of the absorbance value from serum samples obtained from
Day 0 calves. Calves were also tested for MAP-specific antibodies
using the IDEXX Paratuberculosis Verification Ab Test (IDEXX
Laboratories, Inc.) as per the manufacturer’s instructions, and
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completed by a blinded analyst (Prairie Diagnostic Services, SK,
Canada). Serum from calves was tested prior to primary vaccination
(Day 0), 2 months post-vaccination (i.e., Day 56 - immediately prior
to MAP challenge), and at 28 days post-infection. Test results are
expressed as an S/P ratio (Sample-to-Positive ratio), and an S/P >
0.55 was interpreted as test-positive.

Data and Statistical Analysis

GraphPad Prism 8.1 (GraphPad Software, Inc., USA) was used for
all data visualization and statistical analyses. Assumptions of normal
data distribution were confirmed for all datasets using the Shapiro-
Wilk normality test. Leukocyte subpopulation frequencies, cytokine
transcript abundance in ex vivo re-stimulated cells (PBMCs and PP
cells), and serum IgG titers in non-vaccinates and vaccinates were
compared using an unpaired, two-tailed Student’s t-test. Bacterial
CFU enumeration data was normalized using log transformation,
and normality of the data confirmed. All subsequent analyses were
applied to the transformed (normally distributed) data. Differences
in CFU counts between Silirum vaccinates (n=4) and non-
vaccinates (n=5) was determined using an unpaired, two-tailed
Student’s ¢ test. Two calves in the Silirum vaccine group, and one
calf in the non-vaccinate group were removed from the study, prior
to MAP challenge/abdominal surgery, due to unrelated health
reasons. A one-way ANOVA was applied to compare log
transformed CFU counts among non-vaccinates (Group A, n=6)
and the three groups vaccinated with recombinant MAP proteins
(Group B, n=5; Group C, n=4; Group D, n=6). Multiple
comparisons were not performed. One calf in Group B and two
calves in Group C were removed from the study, prior to MAP
challenge/abdominal surgery, due to unrelated health reasons. p
values < 0.05 were considered statistically significant.

RESULTS

Clinical Observation of Calves Following
Surgical Isolation of Intestinal Segments
Daily monitoring of calves post-surgery and MAP challenge
revealed no significant changes in body temperature, feed
intake, fecal consistency or clinical signs of abdominal pain or
discomfort. A total of six calves in both vaccine studies were lost
prior to MAP challenge/surgical procedure. All calves successfully
recovered from surgery/MAP challenge and were not lost due to
surgical complications associated with the abdominal surgery.

Gross Appearance and Histology of
Intestinal Tissue

Intestinal segments were removed from the abdomen at 28 days
post-infection (84 days post-vaccination) from unvaccinated (n=>5)
and Silirum vaccinated (n=4) calves. All intestinal segments had
visible mesenteric attachments and the serosal surface of each
segment was intact. Examination of mid- and terminal-jejunum
segments from unvaccinated calves revealed no gross abnormalities
or discoloration of the serosal surface compared to adjacent
intestine. In contrast, the serosal surface of both mid- and
terminal- jejunum segments from Silirum vaccinates showed

localized redness, omental adhesions and increased distension;
adjoining intestine appeared normal with no visible
abnormalities. After opening each segment along the mesenteric
attachment, marked differences in the consistency of the luminal
contents were apparent when comparing Silirum vaccinates and
non-vaccinates. In intestinal segments from non-vaccinates, the
luminal contents were a greenish-brown, viscous mass, consistent
with our previous observations for MAP infected segments (27-29).
By contrast, in Silirum vaccinates the luminal contents in infected
segments were less viscous particularly in the mid-jejunal segments,
but still greenish-brown in color. Marked differences in the mucosal
surface were visible between intestinal segments from Silirum
vaccinates when compared to non-vaccinates and to the adjacent
intact intestine (Figure 2). The mucosal surface in the intestine
adjacent to segments in Silirum vaccinates (Figures 2B, E) and
intestinal segments from non-vaccinates (Figures 2C, F) were
indistinguishable; both were a uniform pale pink color with no
visible signs of mucosal erosion within either the intestinal mucosa
or PP, consistent with our previous observations (27-29). In Silirum
vaccinates, there was a visible reduction in the prominence of CPP
relative to the adjacent mucosal surface (Figure 2A) and increased
redness of the mucosa with petechiation. Mid-jejunal segments
collected from Silirum vaccinates displayed a reduced prominence
of DPP (Figure 2D) when compared to the surrounding intestinal
mucosa (compare Figures 2D, E). Further, petechiation was more
pronounced in the mid-jejunal segments, specifically in the
intestinal mucosa surrounding each DPP.

Hematoxylin and eosin (H&E) staining of tissue sections from
mid- (Figures 3A, B) and terminal-jejunal segments (Figure 3C)
revealed an intact epithelial barrier, leukocytes throughout the
lamina propria within each villus, and follicle-associated
epithelium and dome regions above submucosal lymphoid
follicles. In mid-jejunal segments, characteristic DPP were present
with submucosal lymphoid follicles interspersed among large
interfollicular regions populated with lymphocytes (Figure 3A).
Characteristic CPP were present in the terminal jejunal segments
with abundant, closely apposed submucosal follicles with few visible
interfollicular regions (Figure 3C). Extravasated red blood cells were
visible in both mid- and terminal-jejunal segments from Silirum
vaccinates, specifically within the lamina propria, submucosal
lymphoid follicles and interfollicular regions (Figures 3A, C).
This was most pronounced in the intestinal mucosa of mid-
jejunal segments (Figure 2B), consistent with the observed
mucosal petechiae. Histological examination of mid- and
terminal-jejunal segments from Silirum vaccinates confirmed PPs
and intestinal mucosa retained the mucosal architecture and
compartmentalization observed in adjacent intestine. Taken
together, gross examination and histological analyses of intestinal
segments revealed parenteral vaccination with a MAP bacterin
results in a localized tissue reaction restricted to the site of enteric
MAP infection at 28 days post-infection.

Gross Appearance and Histology

of the Vaccine Injection Site

Subcutaneous injection of the Silirum vaccine induced a local
swelling, approximately 7-10 cm in diameter, that was observed
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FIGURE 2 | Mucosal surface of the intestinal segments and adjacent intestine. Intestinal segments and adjacent intestine were collected at 28 days post-infection,
and the mucosal surface exposed by dissecting along the mesenteric attachment. (A, B) Representative images of the mucosal surface of a terminal jejunal segment
and adjacent intestine, respectively, from a Silirum vaccinated calf, and a (C) terminal jejunum segment collected from an unvaccinated calf. (D, E) Representative
images of the mucosal surface a mid-jejunal segment and adjacent intestine, respectively, from a Silirum vaccinated calf, and a (F) mid-jejunum segment collected
from an unvaccinated calf. Hash marks define the margins of the continuous band of PP (CPP) in the terminal jejunum, or the borders of the discrete PP (DPP) in

mid-jejunum.

in all calves (n=6) but the swelling regressed by 4-8 weeks post-
vaccination. This local reaction was consistent with that reported
in the product monograph. At 84 days post-vaccination (28 days
post-infection) the vaccine injection site contained an
encapsulated subcutaneous mass, approximately 2-3 cm in
diameter. Upon cut section, the mass consisted of solid tissue
with multiple pus-filled foci. Histology of the encapsulated mass
revealed numerous foci that stained for both acid-fast bacilli
(Figure 3D) and MAP protein (Figure 3E). This staining
provided evidence that the MAP bacterin persisted at the
injection site for three months. Furthermore, acid-fast bacteria
were evident within and among cells throughout the injection
site reaction.

Bacterial Burden in Intestinal Tissue and
Luminal Contents Following Silirum
Vaccination and Enteric MAP Challenge

We previously demonstrated that targeted delivery of a defined
dose of MAP strain gc86 to intestinal segments, containing either
a CPP or DPP, results in consistent and reproducible infection in
young calves (29). In the current study, we recovered a consistent
level of viable MAP from PP tissue (Figure 4A; 5.67 + 0.92 in
DPP and 5.50 + 0.69 in CPP; mean logl0 CFU/g + 1SD) and
luminal contents (Figure 4B; 4.78 + 0.41 in mid-jejunum and
4.81 * 0.39 in terminal jejunum; mean logl0 CFU/g + 1SD) of
unvaccinated calves. This confirmed that persistent infection was
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region; L, lymphoid follicle; LP, lamina propria.

FIGURE 3 | Histology of intestinal tissue and subcutaneous vaccine injection site from Silirum vaccinated calves. (A) H&E staining of a discrete PP (DPP) and the
(B) surrounding mucosa within a mid-jejunal segment, and a (C) continuous band of PP (CPP) within a terminal jejunum segment from a Silirum-vaccinated calf at 28
days post-MAP infection. Extravasated red blood cells (arrows) are visible in both mid- and terminal-jejunal segments, specifically within the lamina propria,
submucosal lymphoid follicles and interfollicular regions. (D) Fite’s acid-fast stain of a tissue section from the encapsulated subcutaneous mass collected at the
Silirum vaccine injection at 84 days post-vaccination (28 days post-infection). Multiple foci of red staining (arrows) are dispersed throughout the encapsulated mass.
Inset is a digital magnification of a representative foci showing acid-fast bodies and amorphous material present as an aggregate and dispersed among surrounding
cells. (E) Immunohistochemical stain with polyclonal Mycobacterium avium ssp. paratuberculosis (MAP) antisera of a tissue section from the encapsulated
subcutaneous mass collected at the Silirum vaccine injection site. Multiple foci of brown staining (arrows) are dispersed throughout the mass. Inset is a digital
magnification of a single foci showing the diffuse brown staining in a localized acellular area and positive staining within surrounding cells. D, dome; IF, interfollicular

established in all animals. Silirum vaccine claims to reduce
intestinal bacterial burden. This commercial bacterin was used
to determine if a parenteral vaccine could significantly alter MAP
burden in our intestinal segment model. There was a numerical
decrease (p=0.10) in MAP recovered from DPP tissue (Figure
4A) and a significant (p=0.02) decrease in MAP recovered from
the luminal contents of mid-jejunal segments (Figure 4B) when
comparing Silirum vaccinated versus non-vaccinated calves
(n=5). Further, MAP bacterial load was significantly lower in
both CPP tissue (p=0.05; Figure 4A) and the luminal contents of
terminal jejunum segments (p=0.004; Figure 4B) when Silirum
vaccinated calves were compared to non-vaccinates (n=5). These
data confirm significant changes in MAP burden could be
detected in both PP tissue and MAP shed into luminal
contents within 28 days post-infection, and the magnitude of
these changes was sufficient to identify significant differences
between vaccinated and unvaccinated animals.

Mucosal Leukocyte Populations

Following Silirum Vaccination and

Enteric MAP Infection

The reduction of MAP bacterial burden in intestinal tissue and
luminal contents at 28 days post-infection suggested that
parenteral vaccination with Silirum significantly altered
mucosal immune responses to enteric MAP infection. The
reduction in MAP burden was statistically significant in CPP,

but not DPP, further suggesting parenteral vaccination may not
induce the same effector responses at both intestinal sites. This
differential response to vaccination in CPP and DPP provided an
opportunity to compare host responses to determine if surrogate
markers of immune protection could be identified. Immune cells
were isolated from peripheral blood (PBMCs) and the PP tissue
(PP cells) within each intestinal segment at 28 days post-
infection to analyze the frequency of T cells (CD4", CD8",
v6"), innate lymphoid cells (ILCs; CD335") and myeloid cells
(CD14" and CD11c"). There were no significant differences (p >
0.05) in the abundance of T cells, ILCs, or myeloid cells when
comparing PBMCs isolated from Silirum vaccinates (n=4) and
non-vaccinates (n=5) (Supplementary Figure 3). In contrast,
Silirum vaccination resulted in distinct changes in mucosal
leukocyte populations isolated from the DPP and CPP (Figure
5). CD4" T cells were less abundant (p=0.04) amongst DPP cells
isolated from Silirum vaccinated versus unvaccinated calves
(Figure 5A) and CD335" ILCs were more abundant (p=0.03)
in CPP from Silirum vaccinated versus unvaccinated calves
(Figure 5B). In both the DPP and CPP of Silirum vaccinates,
v8" T cells (p=0.003 and p=0.04, respectively) and CD14"
myeloid cells (p=0.02 and p=0.02, respectively) were more
abundant when compared to non-vaccinates (Figures 5A, B).
Thus, parenteral vaccination with a MAP bacterin significantly
altered mucosal leukocyte populations present during MAP
infection in both CPP and DPP.
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FIGURE 4 | Mycobacterium avium ssp. paratuberculosis (MAP) bacterial burden in intestinal tissue and luminal contents. (A) MAP recovery from discrete and
continuous PP tissue from non-vaccinates (n=5) and Silirum vaccinates (n=4) at 28 days post-infection. (B) MAP recovery from the luminal contents of mid-jejunal
segments containing a discrete PP and terminal jejunal segments containing a continuous PP from non-vaccinates (n=5) and Silirum vaccinates (n=4) at 28 days
post-infection. Data presented are CFU counts from individual animals and the horizontal bar represents the mean value for each group. p values determined using a

Cytokine Responses in Peripheral

Blood and Mucosal Leukocytes

Cytokine responses following vaccination and MAP challenge
were analyzed to determine if differential responses were
associated with the significant reduction in MAP burden in
CPP versus less effective vaccine-induced control of enteric
MAP infection in DPP. Further, we wanted to determine if
vaccine-induced mucosal effector responses in CPP and DPP
were similar to responses detected in blood. PBMCs and PP cells,
isolated at 28 days post-infection, were re-stimulated ex vivo with
MAP whole cell-lysate and using real-time qRT-PCR, transcript
abundances were quantified for 17 cytokines (Supplementary
Table 1), representing key cytokines associated with Thl, Th2
and Th17 responses. Responses were compared between Silirum
vaccinates and non-vaccinates at 28 days post-infection. In
PBMCs, whole cell lysates revealed the induction of greater
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FIGURE 5 | Silirum vaccination alters the frequency of mucosal leukocyte populations following enteric Mycobacterium avium ssp. paratuberculosis (MAP) infection.
Frequency of T cells (CD4*, CD8*, v8*), ILCs (CD335%), and myeloid cells (CD14*, CD11c") in PP cells isolated from (A) discrete PP (DPP) and (B) continuous band
of PP (CPP) of Silirum vaccinates (n=4) and non-vaccinates (n=4) at 28 days post-infection. Each data point represents the percent gated (frequency of cells in
10,000 events) for one calf. Horizontal line represents the mean value for each group; p values were determined using a Student’s t test.

antigen-specific IL21 (p=0.05; 40-fold increase) and FOXP3
(p < 0.0001; 2.5-fold increase) recall responses, and a
significant (p=0.02) reduction in ILI8 recall responses in
Silirum vaccinates (n=3-4) when compared to non-vaccinates
(n=5; Figure 6A). In DPP cells isolated from Silirum vaccinates,
MAP whole-cell lysate stimulation induced a significant (p=0.03)
decrease in FOXP3 when compared to non-vaccinates (n=>5;
Figure 6B) but no significant differences were observed in the
expression of the other 16 cytokines assayed. Stimulation of CPP
cells isolated from Silirum vaccinates (n=4) with MAP whole-cell
lysates led to significant increases in ILIA (p=0.004; 11-fold
increase), IL12B (p=0.04; 4-fold increase), IL21 (p=0.03; 19-fold
increase), IL27 (p=0.006; 7-fold increase) and TNFA (p=0.01; 3-
fold increase) transcript abundances when compared to non-
vaccinates (n=5; Figure 6B). Cytokine expression data provided
further evidence that parenteral vaccination with a MAP bacterin
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significantly altered mucosal immune responses following
enteric MAP infection. Furthermore, these data revealed that
immune responses in peripheral blood leukocytes do not
accurately reflect the mucosal immune responses occurring at
the site of MAP infection.

Systemic antibody responses in non-vaccinates and vaccinates
were evaluated using the IDEXX Paratuberculosis verification Ab
test (Supplementary Figure 2) to measure serum IgG antibodies
against a proprietary mixture of MAP antigens following pre-
absorption of serum antibodies against an environmental
mycobacterial protein extract. Test results are reported as an S/P
ratio with a threshold of 0.55 deemed seropositive. Unvaccinated
calves (n=5) were seronegative pre-vaccination (with the exception
of one animal), at Day 56 post-vaccination with the sham vaccine,
and at 28 days post-infection (S/P ratio 0.12 + 0.05; mean + 1SD).
Despite enteric MAP infection confirmed in both the DPP and CPP
segments of these calves (Figure 4) the commercial ELISA failed to
identify these animals as infected at this early time-point consistent
with previous findings (43). In three of the four Silirum vaccinates
seropositive test results were observed at Day 56 post-vaccination
(prior to MAP challenge), with all calves (n=4) testing positive at 28
days post-infection (S/P ratio 0.92 + 0.45; mean + 1SD). One calf
was seropositive prior to MAP challenge (S/P = 0.582) and
remained seropositive both post-vaccination (S/P = 0.61) and
post-challenge (S/P = 0.660). These data suggest Silirum
vaccination in some animals can induce systemic antibody
responses that result in seroconversion. However, larger cohorts
are warranted to confirm the frequency of seroconversion induced
by Silirum-vaccination. Despite two animals (one in each
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FIGURE 6 | Silirum vaccine-induced cytokine responses in peripheral blood and mucosal leukocytes. (A) Peripheral blood mononuclear cells (PBMCs) (5 x 10° cells)
and (B) PP cells (2 x 10° cells) were isolated at 28 days post-infection from Silirum-vaccinated calves (n=3-4) and non-vaccinates (n=5) and re-stimulated ex vivo
with Mycobacterium avium ssp. paratuberculosis (MAP) whole cell lysate (5 pg/ml) for 24 h. Transcript abundances for 17 cytokine genes (Supplementary Table 1)
were quantified in resting and re-stimulated cells, and relative expression calculated using 222°9, Each data point represents the relative expression for an individual
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calf; horizontal line represents the mean value for each group. p values were determined using a Student’s t test.

unvaccinated and Silirum vaccinated group) testing seropositive
pre-vaccination, the MAP CFU recovery and immune responses in
these animals did not present as outliers when compared to the
other animals within their respective cohorts. As such, these calves
were retained in the study analysis.

Screening MAP Subunit Vaccine
Candidates With the Intestinal

Segment Model

The commercial Silirum vaccine provided direct evidence that
parenteral vaccination significantly altered the mucosal immune
response to an enteric MAP infection in surgically isolated
intestinal segments. We next evaluated the intestinal segment
model as a tool for rapid screening of MAP subunit vaccine
candidates in the natural host. Groups of five recombinant MAP
proteins (50 pg each) were co-formulated as a vaccine candidate
and three pools of five recombinant proteins were evaluated
(Table 1). Cohorts of age-matched calves were randomly
assigned to one of four groups (Figure 1) receiving either
adjuvant alone (Group A, n=6) or one of the three
recombinant protein pools (Group B, n=5; Group C, n=4;
Group D, n=6). A single intestinal segment containing a DPP
was surgically isolated in this experiment to optimize the high-
throughput capacity of this vaccine screening model. In contrast
to the intestinal segments recovered at 28 days post-infection
from Silirum vaccinates, no gross or histological abnormalities
were observed when collecting intestinal segments from either
the vaccinated groups or non-vaccinate group (data not shown).
MAP bacterial burden was quantified in the luminal contents
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recovered from each segment (Table 1). No significant difference
in MAP burden (p=0.22; one-way ANOVA) was observed when
comparing vaccine cohorts with the non-vaccinate controls
(Table 1). To confirm that the recombinant MAP proteins
were appropriately formulated to be immunogenic, serum IgG
antibody responses were measured prior to primary vaccination,
at the time of booster immunization, on the day of MAP
challenge, and at 28 days post-infection. Vaccinated calves
developed significantly elevated serum IgG antibody responses
to each recombinant protein prior to MAP challenge
(Supplementary Figure 4) and maintained elevated antibody
titers post-infection (data not shown) when compared to time-
matched samples collected from the non-vaccinate group.
Antibody responses confirmed that recombinant MAP proteins
were immunogenic and induced isotype-switched B cell
responses (Supplementary Figure 4).

We further examined systemic antibody responses using the
IDEXX Paratuberculosis Verification Ab test (Supplementary
Figure 2). Immediately prior to vaccination, the majority of
calves (n=18) were seronegative; three calves (one from the non-
vaccinate group and one from each of Group B & D vaccine groups)
were seropositive (S/P ratio of 0.76, 0.71, and 0.74 respectively).
Consistent with the unvaccinated calves in the Silirum vaccine
study, all the unvaccinated calves in this cohort (n=6) were
seronegative both prior to MAP challenge (Day 56; S/P ratio 0.11
+ 0.08; mean + 1SD) and at 28 days post-infection (S/P ratio 0.09 +
0.06; mean + 1SD). The one unvaccinated calf that was seropositive
prior to vaccination was seronegative prior to MAP challenge (Day
56) and at 28 days post-infection. All Group B vaccinates (n=5),
including the one calf that was seropositive prior to vaccination (S/P
ratio 0.71), were seronegative prior to challenge (Day 56) and at 28
days post-infection. All Group C vaccinates (n=4) were seropositive
both prior to challenge (Day 56; S/P ratio 1.53 + 0.21; mean * 1SD)
and at 28 days post-infection (S/P ratio 1.11 + 0.29; mean + 1SD).
Antibody responses in Group D vaccinates were more variable. Two
calves remained seronegative throughout the trial. The one calf
seropositive prior to vaccination (S/P ratio 0.74) was also
seropositive prior to MAP challenge (Day 56), and reverted to
seronegative at 28 days post-infection. Four Group D calves were
seropositive prior to challenge (Day 56; S/P ratio 1.36 + 0.81; mean +
1SD) but responses appeared to wane at 28 days post-infection
(S/P ratio 0.72 + 0.49; mean + 1SD). Similar to the findings in the
Silirum vaccine study, systemic antibodies measured using this
commercial ELISA correspond with parenteral vaccine-induced
responses, and not responses induced by enteric MAP infection.

We also examined MAP protein-specific cytokine responses
in PBMCs and PP cells to determine whether parenteral vaccine-
induced effector cells were recruited and retained at the site of
MAP infection in PPs. Expression of IFNG, IL17A, IL12B, and
IL27 was analyzed with PBMCs and PP cells isolated at 28 days
post-infection and re-stimulated with individual recombinant
MAP proteins. Due to the lack of clearly defined correlates of
protection for mycobacterial diseases IFNG, ILI7A, and ILI2B
were selected based on their central importance in mediating
cell-mediated immunity; IL27 is a surrogate marker of protection
identified in our previous study (29). Antigen-specific cytokine

recall responses within each vaccine cohort (Group B, n=5;
Group C, n=4; Group D, n=6) were compared to responses
induced by the same proteins when stimulating cells isolated
from non-vaccinates (n=6) (Table 1). When PBMCs were
analyzed, IL17A recall responses (p < 0.05) were evident for 9
proteins (MAP0367, MAP3836¢c, MAP1981c, MAP4143,
MAP1588c, MAP4142, MAP3968, MAP0144, and MAP4263),
and only one protein, MAP4143, induced a significant IFNG
recall response (p=0.044). None of the 15 recombinant MAP
proteins induced significant changes in the transcript abundance
of IL1I2B or IL27 when comparing PBMCs isolated from
vaccinates versus non-vaccinates. Consistent with PBMC recall
responses, MAP4143 also induced a significant IFNG response
(p=0.0005; n=5) in PP cells isolated from vaccinated versus
unvaccinated animals (n=6). For the remaining 14 proteins,
recombinant protein-induced cytokine responses in PP cells
did not match responses observed in PBMCs. For example, in
Groups B and C, 7 of the 10 proteins induced increased ILI7A
recall responses in PBMCs but only one of these 7 proteins
(MAP1981c) induced a significant IL17A recall response in PP
cells and transcription was repressed in vaccinates when
compared to non-vaccinates. The lack of recombinant protein-
induced recall responses in PP cells may suggest a failure of
antigen-specific effector cells induced in the periphery to be
recruited or retained at the site of MAP infection. For vaccinate
Group D, however, there was evidence for all 5 proteins
significantly altering either IL17A, IFNG or ILI2B recall
responses in PP cells when comparing the vaccinate to non-
vaccinate groups (Table 1). These data support the conclusion
that antigen-specific effector cells could be recruited to and
retained at the site of infection. These findings emphasize that
interrogating mucosal immune responses at the site of infection
provides a very different understanding of parenteral vaccine-
induced immune responses than responses monitored with
blood leukocytes.

DISCUSSION

The need for a bovine MAP infection model is evident in the
differences in MAP infection and immunopathology in surrogate
animal models, including closely related small ruminants. Oral
challenge of goats (22, 23) and lambs (44) with a Type II cattle
MAP strain revealed greater MAP tropism for DPP and other major
mucosal immune induction sites (i.e., ileocecal valve PP and
proximal colon PP) than the CPP. In contrast to goats, the CPP
is the predominant site of persistent MAP infection in cattle (29, 33,
45, 46). Pathogen-induced immunopathology is also vastly different
in goats and calves challenged with Type II cattle strains. In goats,
MAP infection of DPP resulted in excessive tissue inflammation
and lesion development in the PPs and surrounding intestinal
mucosa (22, 23). This observation is not consistent with our
observations of MAP infection in the DPP of calves at 12 months
post-infection (29), or naturally MAP-infected cows (25).
Furthermore, the failure of caprine DPP to control MAP infection
differs from our observations that MAP-infection was controlled in
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bovine DPP at 12 months post-infection with no development of
lesions (29). These marked species differences emphasize the need
for a model in the natural host, specifically young calves, to test
vaccine candidates and assess protection against bovine
paratuberculosis. For ovine or caprine paratuberculosis, a vaccine
is needed to enhance protective immune responses in major
mucosal immune induction sites, whereas in cattle a vaccine
should enhance protective immune responses in CPP. This is a
unique challenge since the CPP functions as a primary lymphoid
tissue but an acquired immune response is necessary for control of
MAP infection.

This is the first report of a MAP vaccine-screening model in
cattle that provides a quantitative read-out of enteric MAP infection
(Figure 4). In the current study, targeted delivery of MAP to
intestinal segments resulted in infection in all segments of all
calves (Figure 4), consistent with results from challenge studies in
a much larger number of animals (29). A MAP challenge model in
which infection is consistently established in all animals is critical to
achieve quantitative read-outs such as MAP burden in intestinal
tissues and luminal contents, which are relevant metrics for
screening vaccine efficacy. Although the oral route of infection
best mimics the natural route of exposure, in an experimental
animal model this leads to random uptake and non-uniform
distribution of infection across the gastrointestinal tract. In turn,
this results in a number of undefined variables, including: (i) The
site(s) of infection, (ii) Infectious dose at any given intestinal site
and, (iii) Whether a test-negative intestinal site was exposed to MAP
but subsequently cleared or controlled infection. Moreover, MAP
shedding, which occurs intermittently days, weeks, and months
post-infection (33, 34) facilitates further exposure and possible re-
infection, compounding variability in infected tissues such as
bacterial load in each tissue and the resulting induction of host
immune responses. Collectively, these parameters compromise
quantitative comparisons of bacterial burden and mucosal
immune responses at different intestinal sites within an animal
and among animals. This is demonstrated by the large inter-animal
variance in the number of tissues colonized and associated bacterial
load reported in many MAP infection and vaccine screening
experiments in goats, sheep and calves (11, 19-21, 23, 30-32) as
well as MAP fecal shedding, antigen-specific IENG responses and
serum IgG antibody titers (23). Consistent levels of infection
provides greater power when using relatively small numbers of
animals to measure MAP disease protection. The use of small
cohorts of animals to evaluate vaccine efficacy is also important
given the substantial cost of using large animals for research.

This is the first published study, to our knowledge, to
investigate Silirum® vaccination in young calves, the intended
target species for this vaccine. Previous studies with the Silirum
vaccine in goats (11) and farmed red deer (47) reported
significant reductions in MAP fecal shedding in vaccinates.
Consistent with these findings, we found that intestinal
segments from Silirum vaccinates had significantly less MAP
in the luminal contents when compared to non-vaccinates
(Figure 4B). Only two studies have investigated similar
(bacterin-based) parenteral vaccines in cattle. Mycopar®
vaccination of dairy cattle herds was shown to reduce MAP

fecal shedding (16) while Gudair® vaccination of young calves
demonstrated the potential of MAP bacterins to induce host
responses that interfere with bovine tuberculosis testing (12).
The vast majority of studies on parenteral MAP bacterins (e.g.
Mycopar or Gudair) or live-attenuated strains have been
completed in sheep and goats. A common finding among these
reports is that parenteral vaccination of cattle and small
ruminants with MAP bacterins can reduce MAP shedding in
feces, but is not effective in preventing initial infection or
inducing sterilizing immunity (9, 48). Consistent with this, we
observed that Silirum vaccination could not prevent infection,
but significantly reduced MAP burden in the CPP, but not DPP,
at 28 days post-infection (Figure 4A). This observation supports
the conclusion that parenteral vaccination with a bacterin
induced immune responses that significantly altered the host-
MAP interaction at the site of infection in the CPP. This provides
direct evidence that a parenteral vaccine can alter the mucosal
immune response to an enteric infection.

An analysis of MAP-specific immune responses in peripheral
blood leukocytes provided an opportunity to determine whether
systemic immune responses reflect immune responses at a mucosal
site where MAP infection is being controlled. In the current study,
we did not detect any differences between Silirum vaccinates and
non-vaccinates when analyzing the frequency of T cells (CD4",
CD8",v6"), ILCs (CD335"), or myeloid cells (CD14" or CD11c") in
PBMCs at 28 days post-infection (Supplementary Figure 3).
Conversely, significant changes in these cell populations were
identified in mucosal leukocytes isolated from the site of infection
(Figure 5). Furthermore, antigen re-stimulation of PBMCs and
mucosal leukocytes demonstrated that peripheral blood responses
were not similar to those observed at the site of MAP infection
(Figure 6, Table 1). Few studies have investigated mucosal immune
responses following MAP infection, and none have investigated
whether systemic immune responses correspond with mucosal
responses. Responses in peripheral blood have been difficult to
detect early after MAP infection (23, 45, 49, 50), which is expected
considering the localized, asymptomatic nature of enteric infection
and minimal changes in the host mucosal response reported at 12 h
and up to two months post-infection (28, 29, 51-54). In previous
vaccine studies, changes in the frequency of immune cells in PBMCs
have been observed at later time-points post-infection. In calves
vaccinated with a cocktail of recombinant MAP proteins, PBMCs
collected at 8 weeks post-oral challenge and re-stimulated in vitro
showed an increase in the abundance of antigen-specific CD3",
CD8B", ¥0" and CD25" T cells (19). Similar changes in T cell
subsets (CD4*, CD8" and y8") were identified in in vitro re-
stimulated PBMCs collected from calves at 11 weeks post-oral
challenge following vaccination with a viral-vectored vaccine (20).
In Gudair-vaccinated sheep, vaccine-protected sheep displayed
increased antigen-specific proliferation of peripheral blood CD4*
and Y8" T cells, and B cells at 13-21 weeks post oral MAP challenge
when compared to Gudair-vaccinated sheep that did not control
infection (55). In contrast to these studies, we did not investigate
changes in cell frequency following ex vivo antigen re-stimulation,
and our time-point of analysis (28 days versus 8 to 21 weeks post-
infection) was much earlier; both variables that may have reduced
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the probability of detecting peripheral blood responses. Our
rationale for selecting an earlier endpoint than prior studies was
to test the utility of our model to more rapidly screen for vaccine-
induced responses at the enteric site of infection and not in
peripheral immune compartments.

Despite the ease of sampling and measuring responses in
peripheral blood, PBMCs provide a poor proxy of mucosal
immune responses, especially when screening vaccine-induced
responses relevant to enteric infection. Analysis of cytokine
expression responses to individual recombinant MAP proteins
revealed vaccine-induced responses measured with PBMCs did
not reflect any of the responses detected with leukocytes isolated
from the enteric site of infection (Table 1). This indicates that
either recruitment to or retention of antigen-specific effector cells
at the site of infection alters the local effector response to a
vaccine antigen. As blood contains cells trafficking from the
mucosal site of infection as well as those emerging from the
vaccine immune induction site it is impossible to discriminate
between contributions made by each immune compartment to
vaccine antigen recall responses. Intestinal segments provide a
means to directly measure antigen-specific effector cells
recruited, retained and activated at the site of MAP infection.

The subunit protein vaccine candidates in this study did not
elicit a protective immune response that reduced intestinal MAP
burden at 28 days post-infection (Table 1). Serum antibody
responses (Supplementary Figure 4) confirmed all vaccine
candidates were immunogenic but we also quantified protein-
specific mucosal immune responses at the site of infection to
confirm that parenteral immunization induced a mucosal
response at the site of MAP infection. Ex vivo recall responses
with individual recombinant proteins confirmed specific
responses were present at the site of infection in vaccinated
animals (Table 1). Analysis of cytokine responses revealed
some vaccine antigens induce an IFNG response but for other
vaccine antigens a decreased cytokine response was observed
when compared to non-vaccinates. Similar to our observations
in the Silirum vaccine study, vaccine-induced immune responses
in blood (i.e., PBMCs) were not consistent with responses
occurring at the site of infection (Table 1) demonstrating that
vaccine immunogenicity measured with blood leukocytes does
not provide an accurate indication of mucosal responses at the site
of infection. When evaluating vaccine efficacy, it is critical to
determine if vaccine antigens failed because they were not
immunogenic or failed to elicit protective immune response
following infection. Our model provides a unique opportunity
to address these questions in the intended target population. With
respect to our candidate vaccines, it is evident the vaccine antigens
were immunogenic and antigen-specific leukocytes were recruited
to the site of infection. However, vaccine formulation may require
further optimization to enhance the magnitude or quality of the
effector cells recruited to the site of infection. An additional
explanation for the failure of the recombinant protein vaccines
is that a longer time-interval between MAP challenge and tissue
collection may be required to generate sufficient effector cells to
control MAP infection in the intestine. Further studies are
required to determine if increasing the post-infection interval

results in a progressive reduction in MAP bacterial burden and an
increased abundance of antigen-specific effector cells at the site of
infection. An increased post-infection interval may also provide
insight into the durability of protective immune responses,
ensuring vaccination provides sustained immunity. Further
studies to optimize the post-infection interval may enhance
model sensitivity and validate the capacity of the model to
identify vaccine candidates that will provide long-term
immune protection.

Another aspect of the study that warrants further
consideration is the criteria used to exclude calves that may
have been exposed to MAP. The absence of a regional Johne’s
disease control program did not allow us to source calves from
MAP negative herds. To minimize exposure to MAP, calves were
sourced from a local supplier who obtained newborn calves
within 24 h of birth, housed calves individually, and fed a
commercial milk replacer. In previous vaccine studies,
commercial ELISAs were used to pre-screen neonatal calves for
maternal MAP-specific antibodies as a proxy for possible MAP
exposure from the dam. In the current study, the commercial
ELISA failed to detect an antibody response in the unvaccinated
groups at 28 days post-infection (Supplementary Figure 2). This
result is consistent with that observed in a previous oral infection
study with young calves (43). These data confirm that pre-
screening with a commercial ELISA is not effective to
determine enteric MAP infection in young calves since a
negative result at this time does not preclude infection. In our
study, calves that were seropositive pre-vaccination did not show
significant alterations in MAP bacterial burden or host immune
responses when compared to other calves in their treatment
group. The lack of an apparent effect may reflect the short post-
infection interval in our model. This does not preclude the
possibility that MAP exposure at birth may have significant
effects in longer-term infection studies. Pre-screening based on
MAP fecal shedding presents an alternative exclusion criterion;
however, controlled infection studies have demonstrated
significant limitations in the early detection of fecal shedding
in young calves (34). Furthermore, culturing MAP requires
several months to visualize colony forming units, which would
substantially delay testing of candidate vaccines in neonatal
calves - a primary target population for MAP vaccine
programs. For our intestinal segment model, future studies
might include culturing MAP from an intestinal biopsy
collected from the surgery site or including a second
uninfected segment to perform paired analyses to better
control for potential MAP exposure. In spite of these
challenges, our short-term infection model allowed us to
identify significant differences in both MAP bacterial burden
and mucosal immune responses using conventionally reared
calves following Silirum vaccination. These statistically
significant differences were apparent despite some variance in
the challenge dose when comparing among cohorts
(Supplementary Figure 1). Collectively, the Silirum vaccine
served as an invaluable tool, benchmark, and positive control
for vaccine-challenge studies in young calves. The purpose of our
model is to provide an economical and relatively rapid platform
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in the natural host to screen and select candidate vaccines for
further testing in larger cohorts, using longer post-infection
intervals or field trials.

Differential control of enteric MAP infection in the DPP and
CPP following Silirum vaccination presented an opportunity to
compare mucosal immune responses at each site and determine
if specific immune responses could be identified in the CPP that
correlated with immune protection. Silirum vaccination
promoted an increased accumulation of Y8 T cells in both the
DPP and CPP (Figure 5). The extent of protection afforded by Yo
T cells responses to MAP infection in vivo is undetermined.
Persistent MAP infection in CPP of young calves promoted a
local accumulation of the WC1" subset of y3 T cells, decreased
the WC1"¢ subset in the intestinal epithelium, and increased the
total Y3 T cells in lamina propria at 7 months post-infection (39).
In the present study, we did not investigate specific y0 T cell
subsets. Further study is warranted to determine whether
vaccination results in differential expansion of specific 0 T cell
subsets in the functionally distinct PPs given that the effector
responses of Y0 T cells to MAP may be affected by the diverse
cytokine and immune cell landscapes within each type of PP (42,
56). A rapid and early accumulation of Y8 T cells might be one
essential component in controlling MAP infection, specifically in
the CPP. In vitro co-culture experiments showed that bovine Yo
T cells can enhance the MAP bactericidal activity of infected
monocyte-derived macrophages, and promote the secretion of
IENG and IL17A (57-59).

In addition to Y3 T cells, CD14" myeloid cells were also more
abundant in both DPP and CPP of Silirum vaccinates following
enteric MAP infection (Figure 5B). Phenotypically and
functionally diverse subsets of myeloid cells have been
described in human and mouse PPs (60) which are
functionally similar to the ruminant DPP. However, there are
no published studies describing the myeloid populations within
the submucosal lymphoid follicles and interfollicular regions of
ruminant DPP and CPP. Based on the functional differences
between the bovine DPPs (major mucosal immune induction
sites) and CPP (primary lymphoid tissue and site of B cell
lymphopoiesis) it is plausible that distinct myeloid cell subsets
and populations may reside in each tissue. Distinct myeloid and
dendritic cell subsets are known to populate the intestinal
mucosa of the ileum and jejunum of young calves (42, 61). As
this was a single marker analysis of myeloid cells, it is unknown
whether Silirum vaccination led to phenotypically-altered or
functionally-similar myeloid cell subset(s) in both DPP and
CPP. Further analysis is needed to define the phenotype of the
changed myeloid cell populations to determine if they differ in
their capacity to harbor, or control, intracellular MAP infection.

In Silirum vaccinates, CD4" T cells were significantly less
abundant in the DPP (Figure 5A) when compared to non-
vaccinates, but no changes in CD4" T cells were detected in the
CPP. T helper cells are essential for orchestrating cell-mediated
immune responses against intracellular pathogens, including
mycobacteria. The reduction of CD4" T cells in the DPP may
have contributed to a less effective control of MAP infection in
DPP as compared to the CPP. Furthermore, it is intriguing that

parenteral vaccination resulted in the reduction of T cells at a
major mucosal immune induction site. Whether this is a
transient response or a permanent impact on the mucosal T
cell population requires further investigation as this adverse
effect could compromise mucosal immunity to other
invading pathogens.

CD335" ILCs were more abundant in the CPP of Silirum
vaccinates following enteric MAP infection when compared to
non-vaccinates. ILCs have not received much attention in the
context of mucosal MAP infection. A recent study identified an
increased frequency of CD335" leukocytes in antigen re-
stimulated PBMCs isolated from lambs, goats and calves at 12
months post-MAP infection (26). The importance of ILCs, such
as Natural Killer (NK) cells, in promoting protective immune
responses against Mycobacterium tuberculosis (MTB) infection
has been demonstrated in mouse models and human cell culture
systems (62, 63). In Mycobacterium bovis BCG-vaccinated
infants, adults with latent TB (64), and in mouse models of
MTB infection (65), vaccine-induced NK cell responses
correlated with protection. Additional studies have demonstrated
that NK cells mediate protective responses to MTB through their
interactions with CD8" T cells (66) and Y0 T cells (67), and by
directly engaging with infected macrophages (68, 69). NK cell
effector functions are associated with IL15, IL18, IL27 (70, 71),
and, specifically in the context of MTB infection, with IL21 (65),
IL12 (72), TNFA (72, 73) and IL22 (70). Vaccine-induced cytokine
responses in the CPP of Silirum vaccinates reflected similar cytokine
responses (IL12, IL21, IL27 and TNFA) that have previously been
associated with NK cell activity. Taken together, these data suggest
that pathogenic mycobacteria (i.e, MAP and M. bovis) share
common features effective in eliciting ILC responses during
vaccination, with clear evidence in MTB infection models that
these responses are protective. Further investigation of ILCs, and
their effector cytokine responses, in the context of enteric MAP
infection of ruminants is warranted.

Vaccine-induced protection in Silirum-vaccinated calves
provided an opportunity to further investigate antigen-specific
cytokine responses associated with control of MAP infection. In
the current study, vaccination of calves with Silirum resulted in
significant control of MAP infection in the CPP, but not DPP
(Figure 4). This is the inverse of our observations with MAP
infection of the CPP and DPP at 12 months post-infection albeit
in the absence of vaccination (29). In both studies, independent
of the intestinal site of infection, control of MAP infection
correlated with local antigen-specific IL27 responses providing
evidence this cytokine might provide a correlate of immune
protection. In addition to IL27, local antigen-specific cytokine
responses for ILIA, IL1B, IL12B, IL21 and TNFA were detected
in the CPP of Silirum vaccinates (Figure 6). ILIA, IL1B, IL12B
and TNFA are key cytokines known to direct protective immune
responses against intracellular mycobacteria, including MTB
(74). Interestingly, there was no evidence to support the
contribution of IFNG or IL17A when analyzing responses in
Silirum vaccinated calves. Other MAP infection and vaccine
studies have similarly failed to identify these cytokine responses
as correlates of MAP protection (20, 29, 55). Despite the
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importance of these cytokines in promoting cell-mediated
responses, they have not been reliable surrogate markers of
immune protection against enteric MAP infection.

To our knowledge, this is the first study showing a possible
association between IL21 and the control of enteric MAP infection
(Figure 6). In mouse models and human tissue culture systems
there is a growing body of evidence showing that IL21 is essential for
immune protection against MTB. Following MTB challenge, greater
pulmonary bacterial burden and pre-mature death were observed in
IL21 receptor (IL21R) gene knockout mice when compared to WT
mice (75, 76). In lung tissue of IL21R deficient MTB-challenged
mice, the transcript abundance of IFNG, IL1B, IL17, IL22, IL27, and
TNFA was significantly reduced, when compared to that in WT
mice (77). Further, IL21R knockout led to impaired CD4" and
CD8" T cell accumulation in the lungs, including the reduced
frequency of IFNG'CD4" and IFNG'CD8" T cells (76), and
similarly reduced their capacity to produce IFNG and TNFA (75).
In vitro co-culture experiments revealed that IL21 stimulation of
human NK cells, but not direct stimulation of MTB-infected
monocytes (77), enhanced the anti-mycobactericidal activity of
MTB-infected monocytes when compared to that of unstimulated
NK cells (76). Further studies demonstrated that IL21 activated NK
cells enhanced the production of IFNG and IL1B, and repressed
IL10, from monocytes isolated from latent MTB infected individuals
and re-stimulated with MTB antigen (77). Taken together, IL21-
dependent NK cell effector responses mediate protective responses
against MTB. The similarity in these cytokine profiles to that
observed in the CPP of Silirum vaccinated calves in the current
study warrants further investigation into the NK cell/IL21 axis in the
context of mucosal immune responses to enteric MAP infection.

In the current study, we demonstrated that delivery of a
defined dose of MAP to intestinal segments provides a bovine
infection model that could be used to evaluate the efficacy of a
parenteral vaccine. Quantifying MAP burden in the intestinal
tissue and the intestinal lumen provides reproducible measures
that reveal significant differences between relatively small cohorts
(n = 5) of vaccinated and unvaccinated animals. Using the
commercial MAP vaccine Silirum and recombinant MAP
proteins as subunit vaccines, we demonstrate proof-of-concept
that this model can be implemented for relatively rapid screening
of parenteral vaccines that alter host responses to enteric MAP
infection. Mucosal immune responses to the enteric MAP
infection were altered by parenteral vaccination but there was
no correlation between mucosal and systemic immune responses
detected in blood. This disparity emphasizes the need for a
vaccine screening model in which host responses can be
measured at the site of MAP infection. Furthermore, the
intestinal segment model enabled us to analyze regional
differences in MAP control and immune responses in the CPP
and DPP following Silirum vaccination. Differential control of
MAP infection in the CPP and DPP also provided a framework
for investigating mucosal immune responses and effector cell
populations in the natural host that correlate with MAP
protection. These analyses indicated that IL27, IL21, and ILCs
might be important for vaccine-induced immunity against
enteric MAP infection, mirroring similar protective responses

observed in MTB infection models. Further work is needed to
address later time-points post-infection to evaluate if these
responses provide transient or sustained protection. Bovine
intestinal segments provides a means to accelerate vaccine
discovery and, as importantly, a method to begin directly
investigating vaccine-induced mucosal immunity at the site of
MAP infection.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by University of
Saskatchewan Animal Care Committee (Protocol #20160076).

AUTHOR CONTRIBUTIONS

AF, HT, AP, RH, and PG designed the study. AF, HT, RH, and
PG contributed to data analysis and data interpretation. AF, AL,
MT, NR, MB, and NA performed the experiments. AF and PG
wrote the manuscript. VG, SN, RH, HT, and LM contributed to
manuscript preparation. All authors contributed to the article
and approved the submitted version.

FUNDING

This work was supported by Genome Canada (LSARP #8309),
Genome British Columbia (225RVA), University of Saskatchewan
and Government of Saskatchewan (Saskatchewan Ministry of
Agriculture—Agriculture Development Fund). PG is funded by a
Tier I Canada Research Chair in Neonatal Mucosal Immunology
provided by Canada Institutes for Health Research (CIHR). RH
holds a Canada Research Chair in Health and Genomics and a UBC
Killam Professorship. AL is supported by Simon Fraser University’s
New Faculty Start-Up Grant.

ACKNOWLEDGMENTS

We would like to acknowledge the VIDO-InterVac Animal Care
staft for their outstanding work in handling and caring for the calves
and technical expertise in carrying out all the surgical procedures.
We thank CZ Veterinaria for kindly providing Silirum® vaccines,
and SEPPIC—Air Liquide Healthcare for providing

Frontiers in Immunology | www.frontiersin.org

November 2020 | Volume 11 | Article 586659


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Facciuolo et al.

MAP Vaccine Screening Model

MONTANIDE™ vaccine adjuvant. We also acknowledge Donna
Dent who performed the serum IgG ELISAs, and Satyender Hansra
& Ken Lai for their contributions to the real-time qRT-PCR
experiments. This manuscript was published with permission
from the Director of VIDO-InterVac as journal series number 907.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Whittington R, Donat K, Weber MF, Kelton D, Nielsen SS, Eisenberg S, et al.
Control of paratuberculosis: who, why and how. A review of 48 countries.
BMC Vet Res (2019) 15(1):198. doi: 10.1186/s12917-019-1943-4

. Smith RL, Grohn YT, Pradhan AK, Whitlock RH, Van Kessel JS, Smith JM,

et al. A longitudinal study on the impact of Johne’s disease status on milk
production in individual cows. J Dairy Sci (2009) 92(6):2653-61. doi: 10.3168/
jds.2008-1832

. McAloon CG, Whyte P, More SJ, Green MJ, O’Grady L, Garcia A, et al. The

effect of paratuberculosis on milk yield-A systematic review and meta-
analysis. ] Dairy Sci (2016) 99(2):1449-60. doi: 10.3168/jds.2015-10156

. Kudahl AB, Nielsen SS. Effect of paratuberculosis on slaughter weight and

slaughter value of dairy cows. ] Dairy Sci (2009) 92(9):4340-6. doi: 10.3168/
jds.2009-2039

. Whitlock RH, Buergelt C. Preclinical and clinical manifestations of

paratuberculosis (including pathology). Vet Clin North Am Food Anim
Pract (1996) 12(2):345-56. doi: 10.1016/S0749-0720(15)30410-2

. Crossley BM, Zagmutt-Vergara FJ, Fyock TL, Whitlock RH, Gardner IA.

Fecal shedding of Mycobacterium avium subsp. paratuberculosis by dairy
cows. Vet Microbiol (2005) 107(3-4):257-63. doi: 10.1016/j.vetmic.
2005.01.017

. Stabel JR, Bradner L, Robbe-Austerman S, Beitz DC. Clinical disease and stage

of lactation influence shedding of Mycobacterium avium subspecies
paratuberculosis into milk and colostrum of naturally infected dairy cows.
J Dairy Sci (2014) 97(10):6296-304. doi: 10.3168/jds.2014-8204

. Waddell LA, Rajic A, Stark KD, McEwen S. The zoonotic potential of

Mycobacterium avium ssp. paratuberculosis: a systematic review and meta-
analyses of the evidence. Epidemiol Infect (2015) 143(15):3135-57. doi:
10.1017/5095026881500076X

. Barkema HW, Orsel K, Nielsen SS, Koets AP, Rutten V, Bannantine JP, et al.

Knowledge gaps that hamper prevention and control of Mycobacterium
avium subspecies paratuberculosis infection. Transbound Emerg Dis (2018)
65 Suppl 1:125-48. doi: 10.1111/tbed.12723

Whittington RJ, Begg DJ, de Silva K, Plain KM, Purdie AC. Comparative
immunological and microbiological aspects of paratuberculosis as a model
mycobacterial infection. Vet Immunol Immunopathol (2012) 148(1-2):29-47.
doi: 10.1016/j.vetimm.2011.03.003

Hines ME,2, Turnquist SE, Ilha MR, Rajeev S, Jones AL, Whittington L, et al.
Evaluation of novel oral vaccine candidates and validation of a caprine model
of Johne’s disease. Front Cell Infect Microbiol (2014) 4:26. doi: 10.3389/
fcimb.2014.00026

Stabel JR, Waters WR, Bannantine JP, Lyashchenko K. Mediation of host
immune responses after immunization of neonatal calves with a heat-killed
Mycobacterium avium subsp. paratuberculosis vaccine. Clin Vaccine Immunol
(2011) 18(12):2079-89. doi: 10.1128/CVI1.05421-11

Muskens J, van Zijderveld F, Eger A, Bakker D. Evaluation of the long-term
immune response in cattle after vaccination against paratuberculosis in two
Dutch dairy herds. Vet Microbiol (2002) 86(3):269-78. doi: 10.1016/S0378-
1135(02)00006-8

Dhand NK, Eppleston ], Whittington R]J, Windsor PA. Changes in prevalence
of ovine paratuberculosis following vaccination with Gudair(R): Results of a
longitudinal study conducted over a decade. Vaccine (2016) 34(42):5107-13.
doi: 10.1016/j.vaccine.2016.08.064

Reddacliff L, Eppleston ], Windsor P, Whittington R, Jones S. Efficacy of a
killed vaccine for the control of paratuberculosis in Australian sheep flocks.
Vet Microbiol (2006) 115(1-3):77-90. doi: 10.1016/j.vetmic.2005.12.021
Tewari D, Hovingh E, Linscott R, Martel E, Lawrence J, Wolfgang D, et al.
Mycobacterium avium subsp. paratuberculosis antibody response, fecal
shedding, and antibody cross-reactivity to Mycobacterium bovis in M.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online

at:

https://www.frontiersin.org/articles/10.3389/fimmu.2020.

586659/full#supplementary-material

17.

18.

19.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

avium subsp. paratuberculosis-infected cattle herds vaccinated against
Johne’s disease. Clin Vaccine Immunol (2014) 21(5):698-703. doi: 10.1128/
CVI.00032-14

Shippy DC, Lemke JJ, Berry A, Nelson K, Hines ME,2, Talaat AM. Superior
Protection from Live-Attenuated Vaccines Directed against Johne’s Disease.
Clin Vaccine Immunol (2017) 24(1):e00478-16. doi: 10.1128/CV1.00478-16
Koets A, Hoek A, Langelaar M, Overdijk M, Santema W, Franken P, et al.
Mycobacterial 70 kD heat-shock protein is an effective subunit vaccine against
bovine paratuberculosis. Vaccine (2006) 24(14):2550-9. doi: 10.1016/
j.vaccine.2005.12.019

Kathaperumal K, Park SU, McDonough S, Stehman S, Akey B, Huntley J, et al.
Vaccination with recombinant Mycobacterium avium subsp. paratuberculosis
proteins induces differential immune responses and protects calves against
infection by oral challenge. Vaccine (2008) 26(13):1652-63. doi: 10.1016/
j.vaccine.2008.01.015

. Bull TJ, Vrettou C, Linedale R, McGuinnes C, Strain S, McNair J, et al.

Immunity, safety and protection of an Adenovirus 5 prime-Modified
Vaccinia virus Ankara boost subunit vaccine against Mycobacterium avium
subspecies paratuberculosis infection in calves. Vet Res (2014) 45:112. doi:
10.1186/513567-014-0112-9

Kathaperumal K, Kumanan V, McDonough S, Chen LH, Park SU, Moreira
MA, et al. Evaluation of immune responses and protective efficacy in a goat
model following immunization with a coctail of recombinant antigens and a
polyprotein of Mycobacterium avium subsp. paratuberculosis. Vaccine (2009)
27(1):123-35. doi: 10.1016/j.vaccine.2008.10.019

Kruger C, Kohler H, Liebler-Tenorio EM. Sequential development of lesions 3,
6, 9, and 12 months after experimental infection of goat kids with
Mycobacterium avium subsp paratuberculosis. Vet Pathol (2015) 52(2):276—
90. doi: 10.1177/0300985814533804

Kohler H, Soschinka A, Meyer M, Kather A, Reinhold P, Liebler-Tenorio E.
Characterization of a caprine model for the subclinical initial phase of
Mycobacterium avium subsp. paratuberculosis infection. BMC Vet Res
(2015) 11:74. doi: 10.1186/s12917-015-0381-1

Ayele WY, Bartos M, Svastova P, Pavlik I. Distribution of Mycobacterium
avium subsp. paratuberculosis in organs of naturally infected bull-calves and
breeding bulls. Vet Microbiol (2004) 103(3-4):209-17. doi: 10.1016/
j.vetmic.2004.07.011

Gonzalez J, Geijo MV, Garcia-Pariente C, Verna A, Corpa JM, Reyes LE, et al.
Histopathological classification of lesions associated with natural
paratuberculosis infection in cattle. J] Comp Pathol (2005) 133(2-3):184-96.
doi: 10.1016/j.jcpa.2005.04.007

Stabel JR, Bannantine JP, Hostetter J]M. Comparison of Sheep, Goats, and
Calves as Infection Models for Mycobacterium avium subsp. paratuberculosis.
Vet Immunol Immunopathol (2020) 225:110060. doi: 10.1016/
j-vetimm.2020.110060

Charavaryamath C, Gonzalez-Cano P, Fries P, Gomis S, Doig K, Scruten E,
et al. Host responses to persistent Mycobacterium avium subspecies
paratuberculosis infection in surgically isolated bovine ileal segments. Clin
Vaccine Immunol (2013) 20(2):156-65. doi: 10.1128/CVI1.00496-12
Facciuolo A, Gonzalez-Cano P, Napper S, Griebel PJ, Mutharia LM. Marked
Differences in Mucosal Immune Responses Induced in Ileal versus Jejunal
Peyer’s Patches to Mycobacterium avium subsp. paratuberculosis Secreted
Proteins following Targeted Enteric Infection in Young Calves. PloS One
(2016) 11(7):e0158747. doi: 10.1371/journal.pone.0158747

Facciuolo A, Lee AH, Gonzalez Cano P, Townsend HGG, Falsafi R, Gerdts V,
et al. Regional Dichotomy in Enteric Mucosal Immune Responses to a
Persistent Mycobacterium avium ssp. paratuberculosis Infection. Front
Immunol (2020) 11(1020). doi: 10.3389/fimmu.2020.01020

Faisal SM, Chen JW, Yan F, Chen TT, Useh NM, Yan W, et al. Evaluation of a
Mycobacterium avium subsp. paratuberculosis leuD mutant as a vaccine

Frontiers in Immunology | www.frontiersin.org

November 2020 | Volume 11 | Article 586659


https://www.frontiersin.org/articles/10.3389/fimmu.2020.586659/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.586659/full#supplementary-material
https://doi.org/10.1186/s12917-019-1943-4
https://doi.org/10.3168/jds.2008-1832
https://doi.org/10.3168/jds.2008-1832
https://doi.org/10.3168/jds.2015-10156
https://doi.org/10.3168/jds.2009-2039
https://doi.org/10.3168/jds.2009-2039
https://doi.org/10.1016/S0749-0720(15)30410-2
https://doi.org/10.1016/j.vetmic.2005.01.017
https://doi.org/10.1016/j.vetmic.2005.01.017
https://doi.org/10.3168/jds.2014-8204
https://doi.org/10.1017/S095026881500076X
https://doi.org/10.1111/tbed.12723
https://doi.org/10.1016/j.vetimm.2011.03.003
https://doi.org/10.3389/fcimb.2014.00026
https://doi.org/10.3389/fcimb.2014.00026
https://doi.org/10.1128/CVI.05421-11
https://doi.org/10.1016/S0378-1135(02)00006-8
https://doi.org/10.1016/S0378-1135(02)00006-8
https://doi.org/10.1016/j.vaccine.2016.08.064
https://doi.org/10.1016/j.vetmic.2005.12.021
https://doi.org/10.1128/CVI.00032-14
https://doi.org/10.1128/CVI.00032-14
https://doi.org/10.1128/CVI.00478-16
https://doi.org/10.1016/j.vaccine.2005.12.019
https://doi.org/10.1016/j.vaccine.2005.12.019
https://doi.org/10.1016/j.vaccine.2008.01.015
https://doi.org/10.1016/j.vaccine.2008.01.015
https://doi.org/10.1186/s13567-014-0112-9
https://doi.org/10.1016/j.vaccine.2008.10.019
https://doi.org/10.1177/0300985814533804
https://doi.org/10.1186/s12917-015-0381-1
https://doi.org/10.1016/j.vetmic.2004.07.011
https://doi.org/10.1016/j.vetmic.2004.07.011
https://doi.org/10.1016/j.jcpa.2005.04.007
https://doi.org/10.1016/j.vetimm.2020.110060
https://doi.org/10.1016/j.vetimm.2020.110060
https://doi.org/10.1128/CVI.00496-12
https://doi.org/10.1371/journal.pone.0158747
https://doi.org/10.3389/fimmu.2020.01020
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Facciuolo et al.

MAP Vaccine Screening Model

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

candidate against challenge in a caprine model. Clin Vaccine Immunol (2013)
20(4):572-81. doi: 10.1128/CVI1.00653-12

Park KT, Allen AJ, Bannantine JP, Seo KS, Hamilton MJ, Abdellrazeq GS,
et al. Evaluation of two mutants of Mycobacterium avium subsp
paratuberculosis as candidates for a live attenuated vaccine for Johne’s
disease. Vaccine (2011) 29(29-30):4709-19. doi: 10.1016/j.vaccine.2011.04.090
Park KT, Allen AJ, Barrington GM, Davis WC. Deletion of relA abrogates the
capacity of Mycobacterium avium paratuberculosis to establish an infection in
calves. Front Cell Infect Microbiol (2014) 4:64. doi: 10.3389/fcimb.2014.00064
Stabel JR, Palmer MV, Harris B, Plattner B, Hostetter J, Robbe-Austerman S.
Pathogenesis of Mycobacterium avium subsp paratuberculosis in neonatal
calves after oral or intraperitoneal experimental infection. Vet Microbiol
(2009) 136(3-4):306-13. doi: 10.1016/j.vetmic.2008.11.025

Mortier RA, Barkema HW, Orsel K, Wolf R, De Buck J. Shedding patterns of
dairy calves experimentally infected with Mycobacterium avium subspecies
paratuberculosis. Vet Res (2014) 45:71. doi: 10.1186/s13567-014-0071-1
Ioannou XP, Griebel P, Hecker R, Babiuk LA, van Drunen Littel-van den
Hurk S. The immunogenicity and protective efficacy of bovine herpesvirus 1
glycoprotein D plus Emulsigen are increased by formulation with CpG
oligodeoxynucleotides. J Virol (2002) 76(18):9002-10. doi: 10.1128/
JV1.76.18.9002-9010.2002

Charavaryamath C, Fries P, Gomis S, Bell C, Doig K, Guan LL, et al. Mucosal
changes in a long-term bovine intestinal segment model following removal of
ingesta and microflora. Gut Microbes (2011) 2(3):134-44. doi: 10.4161/
gmic.2.3.16483

Facciuolo A, Kelton DF, Mutharia LM. Novel secreted antigens of Mycobacterium
paratuberculosis as serodiagnostic biomarkers for Johne’s disease in cattle. Clin
Vaccine Immunol (2013) 20(12):1783-91. doi: 10.1128/CV1.00380-13

Stinson KJ, Baquero MM, Plattner BL. Resilience to infection by
Mycobacterium avium subspecies paratuberculosis following direct
intestinal inoculation in calves. Vet Res (2018) 49(1):58. doi: 10.1186/
513567-018-0553-7

Ludwig L, Egan R, Baquero M, Mansz A, Plattner BL. WC1(+) and WCl(neg)
gammadelta T lymphocytes in intestinal mucosa of healthy and
Mycobacterium avium subspecies paratuberculosis-infected calves. Vet
Immunol Immunopathol (2019) 216:109919. doi: 10.1016/
j-vetimm.2019.109919

Puech C, Dedieu L, Chantal I, Rodrigues V. Design and evaluation of a unique
SYBR Green real-time RT-PCR assay for quantification of five major cytokines
in cattle, sheep and goats. BMC Vet Res (2015) 11:65. doi: 10.1186/s12917-
015-0382-0

Pfaffl MW. A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res (2001) 29(9):e45. doi: 10.1093/nar/29.9.e45

Fries PN, Popowych YI, Guan LL, Griebel PJ. Age-related changes in the
distribution and frequency of myeloid and T cell populations in the small
intestine of calves. Cell Immunol (2011) 271(2):428-37. doi: 10.1016/
j.cellimm.2011.08.012

Mortier RA, Barkema HW, Negron ME, Orsel K, Wolf R, De Buck J. Antibody
response early after experimental infection with Mycobacterium avium
subspecies paratuberculosis in dairy calves. J Dairy Sci (2014) 97(9):5558—
65. doi: 10.3168/jds.2014-8139

Fernandez M, Benavides J, Sevilla IA, Fuertes M, Castano P, Delgado L, et al.
Experimental infection of lambs with C and S-type strains of Mycobacterium
avium subspecies paratuberculosis: immunological and pathological findings.
Vet Res (2014) 45:5. doi: 10.1186/1297-9716-45-5

Waters WR, Miller JM, Palmer MV, Stabel JR, Jones DE, Koistinen KA, et al. Early
induction of humoral and cellular immune responses during experimental
Mycobacterium avium subsp. paratuberculosis infection of calves. Infect
Immun (2003) 71(9):5130-8. doi: 10.1128/IA1.71.9.5130-5138.2003

Subharat S, Shu D, Wedlock DN, Price-Carter M, de Lisle GW, Luo D, et al.
Immune responses associated with progression and control of infection in
calves experimentally challenged with Mycobacterium avium subsp.
paratuberculosis. Vet Immunol Immunopathol (2012) 149(3-4):225-36. doi:
10.1016/j.vetimm.2012.07.005

Stringer LA, Wilson PR, Heuer C, Mackintosh CG. A randomised controlled
trial of Silirum vaccine for control of paratuberculosis in farmed red deer. Vet
Rec (2013) 173(22):551. doi: 10.1136/vr.101799

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Bastida F, Juste RA. Paratuberculosis control: a review with a focus on
vaccination. J Immune Based Ther Vaccines (2011) 9:8. doi: 10.1186/1476-
8518-9-8

Allen AJ, Park KT, Barrington GM, Lahmers KK, Hamilton MJ, Davis WC.
Development of a bovine ileal cannulation model to study the immune
response and mechanisms of pathogenesis of paratuberculosis. Clin Vaccine
Immunol (2009) 16(4):453-63. doi: 10.1128/CV1.00347-08

Koo HC, Park YH, Hamilton MJ, Barrington GM, Davies CJ, Kim JB, et al.
Analysis of the immune response to Mycobacterium avium subsp
paratuberculosis in experimentally infected calves. Infect Immun (2004) 72
(12):6870-83. doi: 10.1128/1A1.72.12.6870-6883.2004

Khare S, Lawhon SD, Drake KL, Nunes JE, Figueiredo JF, Rossetti CA, et al.
Systems biology analysis of gene expression during in vivo Mycobacterium
avium paratuberculosis enteric colonization reveals role for immune
tolerance. PloS One (2012) 7(8):e42127. doi: 10.1371/journal.pone.0042127
Liang G, Malmuthuge N, Guan Y, Ren Y, Griebel PJ, Guan le L. Altered
microRNA expression and pre-mRNA splicing events reveal new mechanisms
associated with early stage Mycobacterium avium subspecies paratuberculosis
infection. Sci Rep (2016) 6:24964. doi: 10.1038/srep24964

Khare S, Drake KL, Lawhon SD, Nunes JES, Figueiredo JF, Rossetti CA, et al.
Systems Analysis of Early Host Gene Expression Provides Clues for Transient
Mycobacterium avium ssp avium vs. Persistent Mycobacterium avium ssp
paratuberculosis Intestinal Infections. PloS One (2016) 11(9):e0161946. doi:
10.1371/journal.pone.0161946

Khare S, Nunes JS, Figueiredo JF, Lawhon SD, Rossetti CA, Gull T, et al. Early
Phase Morphological Lesions and Transcriptional Responses of Bovine Ileum
Infected with Mycobacterium avium subsp paratuberculosis. Vet Pathol
(2009) 46(4):717-28. doi: 10.1354/vp.08-VP-0187-G-FL

de Silva K, Plain KM, Begg DJ, Purdie AC, Whittington RJ. : CD4(+) T-cells,
gammadelta T-cells and B-cells are associated with lack of vaccine protection
in Mycobacterium avium subspecies paratuberculosis infection. Vaccine
(2015) 33(1):149-55. doi: 10.1016/j.vaccine.2014.10.082

Griebel PJ, Hein WR. Expanding the role of Peyer’s patches in B-cell
ontogeny. Immunol Today (1996) 17(1):30-9. doi: 10.1016/0167-5699(96)
80566-4

Baquero MM, Plattner BL. Bovine peripheral blood WC1(+) and WCl(neg)
gammadelta T lymphocytes modulate monocyte-derived macrophage
effector functions during in vitro Mycobacterium avium subspecies
paratuberculosis infection. Cell Immunol (2017) 315:34-44. doi: 10.1016/
j.cellimm.2017.01.009

Baquero MM, Plattner BL. Bovine WC1(+) gammadelta T lymphocytes
modify monocyte-derived macrophage responses during early
Mycobacterium avium subspecies paratuberculosis infection. Vet Immunol
Immunopathol (2016) 170:65-72. doi: 10.1016/j.vetimm.2015.12.002
Baquero MM, Plattner BL. Bovine WC1(+) and WCl(neg) gammadelta T
Lymphocytes Influence Monocyte Differentiation and Monocyte-Derived
Dendritic Cell Maturation during In Vitro Mycobacterium avium
Subspecies paratuberculosis Infection. Front Immunol (2017) 8:534. doi:
10.3389/fimmu.2017.00534

Da Silva C, Wagner C, Bonnardel J, Gorvel JP, Lelouard H. The Peyer’s Patch
Mononuclear Phagocyte System at Steady State and during Infection. Front
Immunol (2017) 8:1254. doi: 10.3389/fimmu.2017.01254

Fries P, Popowych YI, Guan LL, Beskorwayne T, Potter A, Babiuk L, et al.
Mucosal dendritic cell subpopulations in the small intestine of newborn
calves. Dev Comp Immunol (2011) 35(10):1040-51. doi: 10.1016/
j.dci.2011.04.003

Gupta N, Kumar R, Agrawal B. New Players in Immunity to Tuberculosis: The
Host Microbiome, Lung Epithelium, and Innate Immune Cells. Front
Immunol (2018) 9:709. doi: 10.3389/fimmu.2018.00709

Allen M, Bailey C, Cahatol I, Dodge L, Yim J, Kassissa C, et al. Mechanisms of
Control of Mycobacterium tuberculosis by NK Cells: Role of Glutathione.
Front Immunol (2015) 6:508. doi: 10.3389/fimmu.2015.00508

Suliman S, Geldenhuys H, Johnson JL, Hughes JE, Smit E, Murphy M, et al.
Bacillus Calmette-Guerin (BCG) Revaccination of Adults with Latent
Mycobacterium tuberculosis Infection Induces Long-Lived BCG-Reactive
NK Cell Responses. ] Immunol (2016) 197(4):1100-10. doi: 10.4049/
jimmunol.1501996

Frontiers in Immunology | www.frontiersin.org

November 2020 | Volume 11 | Article 586659


https://doi.org/10.1128/CVI.00653-12
https://doi.org/10.1016/j.vaccine.2011.04.090
https://doi.org/10.3389/fcimb.2014.00064
https://doi.org/10.1016/j.vetmic.2008.11.025
https://doi.org/10.1186/s13567-014-0071-1
https://doi.org/10.1128/JVI.76.18.9002-9010.2002
https://doi.org/10.1128/JVI.76.18.9002-9010.2002
https://doi.org/10.4161/gmic.2.3.16483
https://doi.org/10.4161/gmic.2.3.16483
https://doi.org/10.1128/CVI.00380-13
https://doi.org/10.1186/s13567-018-0553-7
https://doi.org/10.1186/s13567-018-0553-7
https://doi.org/10.1016/j.vetimm.2019.109919
https://doi.org/10.1016/j.vetimm.2019.109919
https://doi.org/10.1186/s12917-015-0382-0
https://doi.org/10.1186/s12917-015-0382-0
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1016/j.cellimm.2011.08.012
https://doi.org/10.1016/j.cellimm.2011.08.012
https://doi.org/10.3168/jds.2014-8139
https://doi.org/10.1186/1297-9716-45-5
https://doi.org/10.1128/IAI.71.9.5130-5138.2003
https://doi.org/10.1016/j.vetimm.2012.07.005
https://doi.org/10.1136/vr.101799
https://doi.org/10.1186/1476-8518-9-8
https://doi.org/10.1186/1476-8518-9-8
https://doi.org/10.1128/CVI.00347-08
https://doi.org/10.1128/IAI.72.12.6870-6883.2004
https://doi.org/10.1371/journal.pone.0042127
https://doi.org/10.1038/srep24964
https://doi.org/10.1371/journal.pone.0161946
https://doi.org/10.1354/vp.08-VP-0187-G-FL
https://doi.org/10.1016/j.vaccine.2014.10.082
https://doi.org/10.1016/0167-5699(96)80566-4
https://doi.org/10.1016/0167-5699(96)80566-4
https://doi.org/10.1016/j.cellimm.2017.01.009
https://doi.org/10.1016/j.cellimm.2017.01.009
https://doi.org/10.1016/j.vetimm.2015.12.002
https://doi.org/10.3389/fimmu.2017.00534
https://doi.org/10.3389/fimmu.2017.01254
https://doi.org/10.1016/j.dci.2011.04.003
https://doi.org/10.1016/j.dci.2011.04.003
https://doi.org/10.3389/fimmu.2018.00709
https://doi.org/10.3389/fimmu.2015.00508
https://doi.org/10.4049/jimmunol.1501996
https://doi.org/10.4049/jimmunol.1501996
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Facciuolo et al.

MAP Vaccine Screening Model

65.

66.

67.

68.

69.

70.

71.

72.

73.

Venkatasubramanian S, Cheekatla S, Paidipally P, Tripathi D, Welch E,
Tvinnereim AR, et al. IL-21-dependent expansion of memory-like NK cells
enhances protective immune responses against Mycobacterium tuberculosis.
Mucosal Immunol (2017) 10(4):1031-42. doi: 10.1038/mi.2016.105
Vankayalapati R, Klucar P, Wizel B, Weis SE, Samten B, Safi H, et al. NK
cells regulate CD8+ T cell effector function in response to an intracellular
pathogen. J Immunol (2004) 172(1):130-7. doi: 10.4049/jimmunol.
172.1.130

Zhang R, Zheng X, Li B, Wei H, Tian Z. Human NK cells positively regulate
gammadelta T cells in response to Mycobacterium tuberculosis. J Immunol
(2006) 176(4):2610-6. doi: 10.4049/jimmunol.176.4.2610

Vankayalapati R, Garg A, Porgador A, Griffith DE, Klucar P, Safi H, et al. Role
of NK cell-activating receptors and their ligands in the lysis of mononuclear
phagocytes infected with an intracellular bacterium. J Immunol (2005) 175
(7):4611-7. doi: 10.4049/jimmunol.175.7.4611

Garg A, Barnes PF, Porgador A, Roy S, Wu S, Nanda JS, et al. Vimentin
expressed on Mycobacterium tuberculosis-infected human monocytes is
involved in binding to the NKp46 receptor. ] Immunol (2006) 177(9):6192—
8. doi: 10.4049/jimmunol.177.9.6192

FuX, YuS§, Yang B, Lao S, Li B, Wu C. Memory-Like Antigen-Specific Human
NK Cells from TB Pleural Fluids Produced IL-22 in Response to IL-15 or
Mycobacterium tuberculosis Antigens. PloS One (2016) 11(3):e0151721. doi:
10.1371/journal.pone.0151721

Choi YH, Lim EJ, Kim SW, Moon YW, Park KS, An HJ. IL-27 enhances IL-15/
IL-18-mediated activation of human natural killer cells. ] Immunother Cancer
(2019) 7(1):168. doi: 10.1186/s40425-019-0652-7

Guerra C, Johal K, Morris D, Moreno S, Alvarado O, Gray D, et al. Control of
Mycobacterium tuberculosis growth by activated natural killer cells. Clin Exp
Immunol (2012) 168(1):142-52. doi: 10.1111/j.1365-2249.2011.04552.x

Esin S, Batoni G. Natural killer cells: a coherent model for their functional role
in Mycobacterium tuberculosis infection. J Innate Immun (2015) 7(1):11-24.
doi: 10.1159/000363321

74. Domingo-Gonzalez R, Prince O, Cooper A, Khader SA. Cytokines and
Chemokines in Mycobacterium tuberculosis Infection. Microbiol Spectr
(2016) 4(5):10.1128/microbiolspec. TBTB2-0018-2016. doi: 10.1128/
microbiolspec. TBTB2-0018-2016

Booty MG, Barreira-Silva P, Carpenter SM, Nunes-Alves C, Jacques MK, Stowell BL,
et al. IL-21 signaling is essential for optimal host resistance against Mycobacterium
tuberculosis infection. Sci Rep (2016) 6:36720. doi: 10.1038/srep36720

Cheekatla SS, Tripathi D, Venkatasubramanian S, Paidipally P, Welch E,
Tvinnereim AR, et al. IL-21 Receptor Signaling Is Essential for Optimal CD4
(+) T Cell Function and Control of Mycobacterium tuberculosis Infection in
Mice. ] Immunol (2017) 199(8):2815-22. doi: 10.4049/jimmunol.1601231
Paidipally P, Tripathi D, Van A, Radhakrishnan RK, Dhiman R,
Venkatasubramanian S, et al. Interleukin-21 Regulates Natural Killer Cell
Responses During Mycobacterium tuberculosis Infection. J Infect Dis (2018)
217(8):1323-33. doi: 10.1093/infdis/jiy034

75.

76.

77.

Conflict of Interest: The Silirum® vaccine was kindly provided by CZ Veterinaria.
CZ Veterinaria had no influence on the study design, data collection, data analysis,
or writing of this work. We have filed the individual MAP proteins for patent
protection.

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Facciuolo, Lee, Trimble, Rawlyk, Townsend, Bains, Arsic,
Mutharia, Potter, Gerdts, Napper, Hancock and Griebel. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

November 2020 | Volume 11 | Article 586659


https://doi.org/10.1038/mi.2016.105
https://doi.org/10.4049/jimmunol.172.1.130
https://doi.org/10.4049/jimmunol.172.1.130
https://doi.org/10.4049/jimmunol.176.4.2610
https://doi.org/10.4049/jimmunol.175.7.4611
https://doi.org/10.4049/jimmunol.177.9.6192
https://doi.org/10.1371/journal.pone.0151721
https://doi.org/10.1186/s40425-019-0652-7
https://doi.org/10.1111/j.1365-2249.2011.04552.x
https://doi.org/10.1159/000363321
https://doi.org/10.1128/microbiolspec.TBTB2-0018-2016
https://doi.org/10.1128/microbiolspec.TBTB2-0018-2016
https://doi.org/10.1038/srep36720
https://doi.org/10.4049/jimmunol.1601231
https://doi.org/10.1093/infdis/jiy034
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	A Bovine Enteric Mycobacterium Infection Model to Analyze Parenteral Vaccine-Induced Mucosal Immunity and Accelerate Vaccine Discovery
	Introduction
	Materials and Methods
	Ethics Approval Statement
	Vaccine Study Design
	Production of Recombinant MAP Proteins
	Animals, Surgery, and MAP Infection
	Gross Examination and Histology
	MAP Bacterial Culture
	Isolation of Immune Cells
	Ex Vivo Restimulation Assay
	Preparation of MAP Whole Cell Lysate
	RNA Extraction From PBMCs and Mucosal Leukocytes
	Reverse Transcription and Real-Time qRT-PCR
	Flow Cytometry
	Serum IgG Antibody ELISA
	Data and Statistical Analysis

	Results
	Clinical Observation of Calves Following Surgical Isolation of Intestinal Segments
	Gross Appearance and Histology of Intestinal Tissue
	Gross Appearance and Histology of the Vaccine Injection Site
	Bacterial Burden in Intestinal Tissue and Luminal Contents Following Silirum Vaccination and Enteric MAP Challenge
	Mucosal Leukocyte Populations Following Silirum Vaccination and Enteric MAP Infection
	Cytokine Responses in Peripheral Blood and Mucosal Leukocytes
	Screening MAP Subunit Vaccine Candidates With the Intestinal Segment Model

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


