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Chronic enteric Mycobacterium avium ssp. paratuberculosis (MAP) infections are
endemic in ruminants globally resulting in signi cant prodction losses. The mucosal
immune responses occurring at the site of infection, spectally in Peyer's patches
(PP), are not well-understood. The ruminant small intesénpossesses two functionally
distinct PPs. Discrete PPs function as mucosal immune induon sites and a single
continuous PP, in the terminal small intestine, functionssaa primary lymphoid tissue
for B cell repertoire diversi cation. We investigated whdter MAP infection of discrete
vs. continuous PPs resulted in the induction of signi canyl different pathogen-speci ¢
immune responses and persistence of MAP infection. Surgidly isolated intestinal
segments in neonatal calves were used to target MAP infectioto individual PPs. At 12
months post-infection, MAP persisted in continuous PPr( D 4), but was signi cantly
reduced (p D 0.046) in discrete PP (i D 5). RNA-seq analysis revealed control of
MAP infection in discrete PP was associated with extensiveranscriptomic changes
(1,707 differentially expressed genes) but MAP persistenin continuous PP elicited
few host responses (4 differentially expressed genes). Gykine gene expression in
tissue and MAP-speci ¢ recall responses by mucosal immune ells isolated from PP,
lamina propria and mesenteric lymph node revealed interlé&in (L)22 and IL27 as
unique correlates of protection associated with decreasedVIAP infection in discrete
PP. This study provides the rst description of mucosal immuae responses occurring
in bovine discrete jejunal PPs and reveals that a signi cameduction in MAP infection
is associated with specic cytokine responses. Conversely MAP infection persists
in the continuous ileal PP with minimal perturbation of hosimmune responses.

Frontiers in Immunology | www.frontiersin.org 1

May 2020 | Volume 11 | Article 1020


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.01020
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.01020&domain=pdf&date_stamp=2020-05-29
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:philip.griebel@usask.ca
https://doi.org/10.3389/fimmu.2020.01020
https://www.frontiersin.org/articles/10.3389/fimmu.2020.01020/full
http://loop.frontiersin.org/people/871069/overview
http://loop.frontiersin.org/people/487601/overview
http://loop.frontiersin.org/people/895029/overview
http://loop.frontiersin.org/people/981369/overview
http://loop.frontiersin.org/people/981488/overview
http://loop.frontiersin.org/people/64953/overview
http://loop.frontiersin.org/people/515572/overview
http://loop.frontiersin.org/people/136927/overview
http://loop.frontiersin.org/people/225274/overview
http://loop.frontiersin.org/people/182800/overview
http://loop.frontiersin.org/people/142719/overview

Facciuolo et al. Mucosal Immunity Controlling MAP Infection

These data reveal a marked dichotomy in host-MAP interactis within the two
functionally distinct PPs of the small intestine and idenéis mucosal immune responses
associated with the control of a mycobacterial infection irthe natural host.

Keywords: bovine, small intestine, Mycobacterium, paratube rculosis, Peyer's patches, mucosal, 1L22, IL27

INTRODUCTION surgical isolation model include delivery of a de ned dode o
MAP to a localized site of infection and prevention of the
Johne's disease is a chronic, enteric infection of rumineatsed  spread of infection to adjacent intestinal tissues. MAP shegld
by Mycobacterium aviunssp. paratuberculosigMAP). MAP  in feces can occur days, weeks, and months following oral
is endemic worldwide 1) with high herd prevalence among MAP challenge 6, 37), possibly re-infecting adjacent intestinal
Canadian dairy cattleZ], sheep and goatsl(. The majority of  tissues. Recurrent enteric infections could potentially ireluc
MAP-infected cattle are asymptomati€) put infection results in  additional mucosal immune responses and increase tra ckifig
signi cant economic losses) due to decreased milk production e ector lymphocytes to the initial site of infection. Our moide
(6-8) and decreased slaughter val@gl(0). During the prolonged  permits a more consistent challenge among individuals in an
asymptomatic stage of infection animals intermittently shedhut-bred species. Using surgically isolated intestinahegs,
MAP in feces {1) facilitating horizontal transmission from cow we rst reported a signi cant dichotomy in mucosal antibody
to calf (12 13 and among calvesl{, 15. MAP shedding responses when comparing MAP infection of bovine discrete
in colostrum and milk (L6) permits vertical transmissionl(). ~ pp (DPP; distributed throughout the jejunum) vs. continsou
Detection of MAP in the environmentl(§), drinking water (9,  pPp (CPP; restricted to the terminal jejunum and ileun®y,
and retail milk 0) has led to concerns regarding food safety andrhis divergence in host mucosal immune responses has not been
the potential for MAP to further exacerbate human Crohn's andinvestigated in natura”y infected nor experimenta”y ictked
other autoimmune disease8%-23). cattle but has been studied in goats and shé&&p40).

The prolonged asymptomatic nature of MAP infection has |n ruminants, 25-40 DPPs, also referred to as jejunal PPs,
hampered studies of naturally-infected cattle in early stagfe are dispersed throughout the jejunum and function as mucosal
infection (< 1-2 y post-infection) since diagnostic tests aremmune induction sites41). The DPPs sample luminal antigens
unreliable at this stage of infectior24). Diagnostic methods and generate IgA B cells in an antigen-dependent manner via
are more sensitive in identifying subclinical and clinisthge cognate interactions with CI4 T cells present within the
animals (2-5 y post-infection)2f) con ning most studies of  submucosal lymphoid follicle$¢, 42, 43). The CPP, also referred
naturally infected cattle to this latter cohort. The abseraf o as the ileal PP, occupies the terminal 1-3m of the small
biomarkers that identify recently infected cattle has ledttte  intestine of young calves and terminates at the ileocecatjon.
development and use of animal models in which infectiousrhe CPP functions as an antigen-independent primary lymphoid
dose and time post-infection can be clearly de ned, facilitgti organ for diversi cation of the immunoglobulin repertoirefo
analyses of initial host-pathogen interactions and earlythoshaive B cells. This primary lymphoid tissue is characterized
immune responses. The use of temporary ligation of intestinay expression of activation-induced cytidine deaminaseirdur
segments in calve<§) and goats {7) has contributed to an fetal development44), a paucity of CD% T cells in lymphoid
initial understanding that MAP invades the intestinal epiiaé  follicles @1, 42, 45 and the emigration of sigi B cells to all
barrier via M-cells overlying Peyers patches (PP), leading tsecondary lymphoid tissuesi§). We previously demonstrated
the immediate uptake and persistence of MAP in subepithelighat MAP could infect both types of PPs in young calves and
macrophages. Oral inoculation challenge modefs, (29),  that infection of DPP, but not CPP, induced MAP-speci ¢ IgA
tonsillar Cl'ypt instillation GO) and ileal cannulation models B cell responses at 2 months post_infecticﬁﬂ)( The absence
(31) revealed that systemic host immune responses can occgf MAP-speci ¢ antibody responses in CPP is consistent with
as early as 3 months post-infection and continue through to $intigen-independent B cell development in this tissue.
months pOSt-infeCtion. Few studies have analyzed the mucosal Mucosal immune responses to MAP infection in cattle
immune responses occurring at the site of infection in cattlehave not been thoroughly investigated, with most studies
Global transcriptional changes in ileal tissue were idesdiat having focused on CPP. Our previous repofid( was the
12h post-infection §2). Intraepithelial lymphocyte activation st to analyze mucosal immune responses in bovine DPP.
and di erential cytokine gene expression were identi ed inale Detection of MAP in DPP has been reported in both naturally
tissue at 6—9 months post-infectioil) and draining mesenteric infected ¢7, 49 and experimentally infected cattle3@ 31,
lymph node (MLN) cells at 7 and 15 months post-infectidd®. 36 49-51). However, the signicance of infection in DPP

We developed surgically isolated intestinal segments igs, CPP and the contribution of DPP to Johne's disease in
neonatal calves as a model to investigate early (1-2 montigttle has been largely ignored. Understanding host-pathoge
post-infection) ¢4) and persistent (9-11 months post-infection) interactions in DPP is critical for a complete understandiofy
(39 MAP infections. Similar to previous models, we utilized MAP pathogenesis and the role of mucosal immune responses
the natural host and targeted delivery of a de ned dose ofhroughout the small intestine. If MAP infection of DPPs, a
MAP to speci c sites in the small intestine. Advantages of thenajor mucosal immune induction site, results in control of
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bacterial burden then analyzing these local immune responséhe mesentery attachment and continuity of the intestinal
may provide insight into the immune responses required tdract was re-established by an end-to-end anastomosis of the
control MAP infection. Furthermore, di erential responses in intestine proximal and distal to the intestinal segment. Two
DPPs vs. the CPP may provide information regarding thepreliminary studies were completed to con rm the consistency
mechanisms contributing to asymptomatic infections and/orand reproducibility of our bovine enteric infection model ogi
immune reactivity and pathology. the MAP strain gc86. This strain is a low-passage Type Il eld
Considering the prolonged host-pathogen interaction thatisolate of MAP §3) and has previously been used for calf
occurs between pathogenMycobacteriumspecies and their infection studies$4, 54). The rst study was to validate that our
hosts, we re-examined the outcome of MAP infection in DPHnfection model results in equal uptake and persistence of MAP
when compared to CPP to investigate whether the inductiorstrain gc86 in DPP and CPP early in infection. Two intestinal
of an adaptive immune response in DPP could progress tsegments, one in the mid-jejunum containing a DPP and the
a protective response, unlike that previously reported for thether proximal to the ileocecal fold (i.e., terminal jejunum)
CPP @5. To address this, a dened dose of MAP wascontaining a CPP were surgically isolated in 10-14 day dicesa
targeted to surgically isolated intestinal segments doiitg (nD 5)and 1  10° MAP colony-forming units (CFU) of strain
either a DPP or CPP in neonatal calves (10-14 days). Ajc86 injected into the lumen. At 28 days post-infection PRiss
12 months post-infection, intestinal segments were caléct was harvested, homogenized and serial dilutions platedgde
and a systems biology approach was used to analyze glolizétectionto enumerate MAP CFUSupplementary Figure 1A
transcriptional changes (RNA-seq) in infected vs. uninfdcte The second study was to establish that our model results in
DPP and CPP. Mucosal immune responses were furthaonsistent and reproducible infection in all intestinal semnts.
investigated by analyzing cytokine gene expression intingds In three independent trials (Trial In D 11; Trial 2:n D 17,
tissue and in isolated mucosal immune cells re-stimulatétt w Trial 3: n D 18) intestinal segments containing a DPP were
MAP antigen. RNA-seq analyses revealed marked di erencesirgically isolated in 10-14 day old calves and10° CFU MAP
between DPP and the CPP with an inverse relationship betweestrain gc86 injected into the lumen. At 28 days post-infectin
MAP persistence and dysregulation of the host transcriptomeissue was harvested, homogenized, and serial dilutiotscpta
Subsequent gRT-PCR analysis identi ed di erentially exgezs  enumerate MAP CFUQupplementary Figure 1B.
cytokine genes in both DPP and CPP tissues. Re-stimulation To address the central focus of this study, 15 calves were
of immune cells isolated from the intestinal lamina propria,randomly assigned to one of three groups receiving the fafigw
submucosa and draining MLNs with MAP antigen revealed thatreatment: (1) Surgical isolation of a single 15cm intestin
di erential (p< 0.05) expression ¢E22andIL27 was associated segment in the mid-jejunum containing a DPP; (2) Surgical
with the control of MAP infection. This comparative analysisisolation of a single 15cm intestinal segment proximal to the
of host responses in DPP and CPP provides novel insight intdeocecal fold (i.e., terminal jejunum) containing CPP; and
immune responses associated with the control of MAP and3) Surgical isolation of two 15cm intestinal segments, one

identi es possible correlates of immune protection. containing a DPP and the other a CPP. Immediately following
surgical isolation, 1 10° CFU MAP strain gc86 suspended in

MATERIALS AND METHODS 5mL calcium- and magnesium-free phosphate-bu ered saline
[PBS]was injected into the lumen of intestinal segmentsroiu®

Ethics Approval Statement 1 and 2 calves. Five mL of PBS was injected into the lumen of

All experiments were completed at the University ofintestinal segmentsin Group 3 calves.
Saskatchewan following regulations established by thedian
Council on Animal Care and approved by the University of Gross Examination and Histology
Saskatchewan Animal Care Committee (Protocol #20160076). At 12 months post-surgical isolation and infection of intest
segments, calves were euthanized by intravenous injection
Animals, Surgery, and MAP Infection with Euthanyl (20 mL/45kg body weight; Bimeda-MTC,
Ten- to fourteen-day old healthy, male Holstein calves wer€anada) and tissue collected within 10-15min. Intestinal
purchased from a local supplier. Housing, feeding, anesthesisegments, adjoining intact intestine and MLN were collected
surgery, post-surgical care, and MAP infection have beeand photographed to record gross appearance. Intestinal
previously described in detaiB{, 52). Calves were individually segments were opened along the mesenteric attachment,
housed until 6 weeks of age and then group housed untiuminal contents collected, and the appearance of the mucosal
the end of the trial. No other cattle were present in thesurface examined, photographed, and recorded. Tissues were
facility throughout the study and localization of MAP infémt  immediately immersed in 10% neutral-bu ered formalin for
to challenged intestinal segments precluded fecal sheddling histology. Tissue embedding, sectioning, hematoxylin @osin
MAP and environmental contaminatior8¢, 35). Therefore, this (H&E) staining, and immunohistochemical staining (Ki-67dca
model does not include a component of re-infection beyondVAP antigen) were completed by Prairie Diagnostic Services
the persistence of MAP in the contents of intestinal segmentéSaskatoon, SK, Canada). Histological images were adquire
for at least 2 months post-challenge. As with all past andising an Olympus Virtual Slide Scanning Microscope (Olympus-
present surgeries, special care was taken to preserve vaseulatife Science, Japan) and completed by the WCVM Imaging
and lymphatic connections of each intestinal segment thtoug Center (University of Saskatchewan, Saskatoon, SK, Canada)
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The length of individual lymphoid follicles within the CPP homogenized, and serial dilutions plated to enumerate MAP
was measured to determine if isolating the PP within inteslti CFU. Homogenized samples were further subject to a low speed
segments had a signi cant e ect on follicular development whe spin (10 min at 500 g) to pellet cellular debris followed by a
compared to CPP in the adjacent, intact intestine. Five lyniggho high-speed spin (5 min at 8,0009) to pellet MAP bacteria. DNA
follicles were measured within each H&E stained tissudaect was isolated from this pellet following the extraction pratbfor
of a CPP collected from the intestinal segment and the adjacetissue samples described above.
small intestine of four animals. Only follicles with a vigldome For detection of viable MAP, PP tissue (minimum 100 mg)
region were selected to ensure each measurement was made ngas collected, weighed and washed with three exchanges of
a mid-sagittal section of the lymphoid follicle and the length PBS vortexing tissue samples each time for 20s. Tissue was
each submucosal follicle was measured from the follicletoatee  then homogenized in 5mL PBS using a PRO200 homogenizer
junction with the muscularis mucosa. An ocular micrometeasv  (PRO Scientic Inc., USA). Serial dilutions were plated on
used to measure follicle length and the ocular micrometes waDifco™ Mycobacteria 7H11 Agar (BD and Company, USA)
calibrated using a 2 mm graticule with 0.01 mm intervals @rn supplemented with 10% BBY. Middlebrook OADC Enrichment
Leitz GMBH, Wetzlar, Germany). (BD and Company, USA), 2 mg/L ferric mycobactin J (Allied

Monitor Inc., USA), 5ang/mL carbenicillin (MilliporeSigma

. Canada Co.) and 1fg/mL amphotericin B (MilliporeSigma
MAP Detection ( hspX and 57 gPCR, and Canada Co.), incubated at 37 and monitored weekly (up to 8
CFU Enumeration) weeks) for colony formation.
Detection of MAP in para n-embedded tissues sections was
performed by Prairie Diagnostic Services. Briey, DNA wasRNA-seq
extracted using the DNeasy Blood and Tissue Kit (Qiagen) IncTotal RNA was extracted using the RNeasy Plus Mini kit
and thehspXgene ampli ed using the VetAlel¥ Johne's Real- (Qiagen, Inc.) following the manufacturer's protocol from
Time PCR kit (Tetracore Inc., USA). tissue samples (PP and MLN) collected immediately following

For quanti cation of the single copy57 DNA element, PP euthanization and preserved in RNer (Life Technologies
tissue (minimum 50 mg) was collected, weighed and washedorp.). Quanti cation and quality assessment of total RNA
with three exchanges of PBS vortexing tissue samples eaghs performed using an Agilent 2100 Bioanalyzer (Agilent
time for 20 s. The tissue was then homogenized in ATL bu erTechnologies, Inc.) and only samples with RNA integrity numbe
(Qiagen, Inc.) with 2.0 mm Zirconia beads in a Mini-Beadbeate (RIN) >8 were used for subsequent steps of mRNA enrichment
16 (Bio Spec Products Inc.). DNA was isolated from theusing the NEBNext Poly(A) mRNA Magnetic Isolation Module
clari ed tissue supernatant using the DNeasy Blood and Tessu(New England Biolabs, Inc.). Strand-specic cDNA libraries
kit (Qiagen, Inc.) following the manufacturer's instrugtis. were generated from poly-adenylated mRNA using the KAPA
Genomic DNA was similarly isolated from MAP strain gc86 Stranded RNA-Seq Library Preparation Kit (Roche Sequencing
cells grown in broth culture (sereparation of MAP whole and Life Science). Adapters (Bio Scienti ¢, USA) for multiplexi
cell lysate DNA quality and quantity was determined using a were ligated, followed by ampli cation and then puri cation
NanoDrop™ Spectrophotometer (Thermo Fisher Scienti ¢, Inc.) using Agencourt Ampure XP beads (Beckman Coulter Life
and gel electrophoresis. Real-time gPCR reactions, performed Sciences). The quality of the library was checked using a high-
duplicate, contained PerfeCTa SYBR Green SuperMix (Quantensitivity DNA chip (Agilent Technologies, Inc.) on an Adit
Biosciences, Inc.), 300nM d¢57 primers (65, and 50 ng of 2100 Bioanalyzer. All cDNA libraries were prepared at the same
extracted DNA. Cycling conditions were initial denatutifor  time and all sequenced on the NextSeq (lllumina, Inc.) on two
3min at 95 C followed by 40 cycles of 96 for 15s, 60C for  runs, a single-end run of 100 bp-long and a paired-end run of 2 x
30s, and 72C for 30 s using a Bio-Rad CFX Connect Real-Time75 bp-long sequence reads édapter/index sequences).

PCR Detection System (Bio-Rad Laboratories, Inc.). Qtatite After demultiplexing, FASTQ sequence quality was assessed
threshold cycle (Cq) for each reaction was determined by CFXsing FastQC v0.11.6 and MultiQC v1.6. The FASTQ sequence
Managet" Software (Bio-Rad Laboratories, Inc.), and averageeads were aligned to thBos taurusgenome ARS-UCD1.2

Cq calculated using arithmetic average of duplicate reastio (Ensembl release 95.12) using STAR v2.6.1d and mapped to
Concurrently with all samples, a six 10-fold dilution seniessng  Ensembl release 95.12 transcripts. Read-counts were getherat
puri ed MAP genomic DNA representing 1 10°to 1 10°  using htseg-count (HTSeq 0.11.2). Samples were sequenced to
genomic copies (6 ng to 6 fg, respectively, based on a genoraemedium sequencing depth of 12 million uniquely mapped
size of 4.83 Mb) was ampli ed using the same cycling programeads (range of 2.3-56.7 million reads). All data procesaiy

to generate a standard curve to extrapolate gene copies in eaglibsequent di erential gene expression analyses were pegfbrm
sample. Data are expressed@ggene copies per g of PP tissue.using R version 3.6.0 and DESeq2 version 1.24.0. Genesemjth v

A preliminary study was completed to determine the correlatio low counts (with< 10 counts in eight or more samples, or the
betweenf57 gene copies and MAP CFU usinig vivo infected  smallest number of biological replicates within each treatine
tissue samplesSupplementary Figure 2. Intestinal segments group) were pre- ltered and removeéh silica Di erentially
containing a DPP were surgically isolated in 10-14 day dicksa expressed genes were identi ed with the Wald statistics test a
(nD 17)and 1 10° CFU MAP strain gc86 injected into the Itering for any genes that showed 1.5-fold change and adjlipte
lumen. At 28 days post-infection, DPP tissue was harvested, 0.05 (cut-o at 5% FDR) as the threshold. Functional discgver
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of pathway enrichment and network analyses was performedione) and stimulated cells, and relative expression catted|

using InnateDB §6) and NetworkAnalyst%7), respectively. using 2 11 €4 as previously describe&). For tissue samples,
) ] the meanl Cq of the PBS control samples—for each gene of
RNA Extraction From Tissue and Cells interest—was used as a baseline to subtract each indiviRB@l

RNA was isolated from tissue and cells using the RNeasy Mirjontrol and MAP-infectedL Cq value, and fold-change relative

Kit (Qiagen, Inc.) with slight modi cations. For each intésal  to the mean of PBS control samples calculated using the equatio

segment, PP tissue was excised immediately after euthimmizat 2 [baselind Cq sample(x] Cq]

immersed in RNAater (Life Technologies Corp.) overnight at

4 C, and subsequently stored at80 C. Samples were thawed Primer Selection and Design

and homogenized in RLT bu er (Qiagen, Inc.) containing 1%Gene-specic primers used in this study are listed in

beta-mercaptoethanol for 2 20's using 2.0 mm Zirconia beads Supplementary Table 1 Specicity of published primer

in a Mini-Beadbeater-16 (Bio Spec Products, Inc.). RNA wasets were validated by melt curve analysis and gel electregiso

isolated from the clari ed supernatant as per the manufactare using cDNA derived from PP tissue and MLN. Primers

instructions. Control and MAP-infected DPP and CPP tissuedeveloped in this study were designed using Primer3 [v.0.4.0;

archived from a previous study3{) were also processed in (60)] based onBos taurussequences obtained from NCBI.

the current study. These samples were collected from imi&sti Speci city of PCR amplicons ampli ed from PP and MLN cDNA

segments prepared in 10-14 day old calves in which 1% 1Qvas validated by gel electrophoresis and melt curve analysis

CFU MAP strain gc86 was injected into the lumen and PP tissueCR amplicons were cloned into p@&2.1 vectors using

harvested at 2 months post-infection. PP tissue was presémvedthe TA Cloning™ Kit (Life Technologies Corp.) and identity

RNAlaterat 80 C and RNA extracted as described above.  validated by sequencing. Five points of a 10-fold dilutioriese
Cells lysed and preserved in TRIzol Reagent (Lifgising linearized vectors containing the amplicon of interes

Technologies Corp.) were extracted once with chloroformyere used to assess ampli cation e ciency of each primer set

(0.2 mL/mL TRIzol Reagent) and RNA isolated from the(ED10( 1/°P€) Ampli cation e ciency of all primer sets used

aqueous phase as per the kit's instructions. Samples were stofgés between 1.90 and 2.00.

at 80 C. RNA integrity, quality and quantity were assessed

using an Agilent 2100 Bioanalyzer (Agilent Technologieslsolation of Mucosal Immune Cells

Inc.) and Nanodrop" Spectrophotometer (Thermo Fisher A single lymph node (MLN) was located in the adjacent

Scienti ¢, Inc.). mesentery of each intestinal segment, collected in ice-

Lo . cold HyCloné Dulbecco's Low Glucose Modied Eagles
Reverse Transcription and Real-Time medium (DMEM; GE Healthcare Life Science) immediately
gRT-PCR after euthanization, and cells isolated using the protocol

One mg of RNA was pre-treated to remove contaminatingpreviously described 3¢). MLN cells were suspended at
genomic DNA and reverse transcribed using the QuantiTecl 10//mL in DMEM supplemented with 10% FBS plus
Reverse Transcription Kit (Qiagen, Inc.) as per theantibiotics, antimycotic (penicillin, streptomycin, ampteoicin
manufacturer's instructions. After cDNA synthesis sample8; MilliporeSigma Canada Co.) and @f/mL gentamicin
were diluted with RNase-, DNase-free water to a concentnatio(“complete medium”). Similarly, following euthanizatioeach

of 10 nghL and stored at 20 C. Real-time gPCR reactions were intestinal segment was dissected along the mesentericebord
set up in duplicate with each reaction consisting of PerfeCTaxposing the mucosal surface and rinsed with water. In imabt
SYBR Green SuperMix (Quanta Biosciences, Inc.), 300 nM skEgments containing a DPP, the PP tissue was excised along the
gene-speci ¢ primers §upplementary Table Y and 50 ng of visible margins and placed in ice-cold DMEM; the remaining
cDNA in a nal volume of 15mL. Thermal cycling program was non-PP mucosal tissue was collected in ice-cold Hanks-bwaere
2min at 95C for initial denaturation followed by 36 cycles of saline solution (HBSS). For intestinal segments contginin

95 C for 155, 60C for 30s and 72C for 30s using a Bio-Rad CPP, a portion of PP tissue was collected in ice-cold DMEM
CFX Connect Real-Time PCR Detection System (Bio-Radnd another in ice-cold HBSS. Tissue in DMEM was processed
Laboratories, Inc.). Quantitative threshold cycle (Cq) é&ach to collect cells in the submucosa, which include those in the
reaction was determined by CFX ManaféSoftware (Bio-Rad lymphoid follicles and within the interfollicular regions, ten
Laboratories, Inc.), and average Cq calculated usingragtit  referred to as “PP cells” following a previously established
average of duplicate reactions. Five constitutively expressprotocol (34). Tissue in HBSS was processed to isolate lamina
genes ACTB GAPDH H3F3A PPIA,and YWHAZ; (58] were  propria leukocytes (“LP cells”) as previously describéd).(
assayed in all cDNA samples and analyzed using CFX MaRhgerThe resulting cell suspensions were adjusted to 1L.0’/mL
Software revealiny WHAZ and PPIA as most stably expressedin complete medium. Viability of MLN, LP and PP cells was
based on coe cient of variance (0.182 and 0.114, respec)ivelgonsistently> 98% as determined by trypan blue exclusion.

and M values (0.45 and 0.39, respectively). For all tissuplsam

the average Cq of WHAZ andPPIAwas applied as the reference IN-vitro Re-stimulation Assay

standard to normalize Cq values. For vitro re-stimulation LP, MLN, and PP cells (2 1¢°) were seeded in 12-well tissue
assays with isolated mucosal immune celfeyHAZ was used culture plates in a nal volume of 1 mL in complete medium.
to normalize Cq values obtained from resting (i.e., mediumCultures were stimulated with medium alone or amg/mL MAP
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whole cell lysate (WCL) prepared in complete medium, cell RESULTS

were cultured at 37C under 5% CQ in a humidi ed chamber. Clinical R f Cal Followi
At 24 h post-stimulation, cells in suspension were collected a Inical kesponses or Lalves Following

centrifuged for 7min at 300 g, and 1 mL of TRIzol Reagent Surgical Isolation of Intestinal Segments
(Life Technologies Corp.) applied to each well to detach an&aily monitoring of calves post-operatively revealed no clesng
lyse adherent cells. After centrifugation the supernatamisw in body temperature or clinical signs of abdominal discorfor
discarded and TRIzol Reagent from the corresponding well use@f pain. No abnormal changes in feed intake or fecal consistency
to lyse the cell pellet. Samples were subsequently incubatedV¢gre observed throughout the 12-month study.
room temperature for 10—-15 min and stored a80 C. )
Gross Appearance and Histology of
Intestinal Segments
Preparation of MAP Whole Cell Lysate At 12 months post-surgery, the isolated intestinal segmbats
A log-phase culture of MAP strain gc86 cultured in Difco maintained their mesenteric attachment and the resectesdbo
Middlebrook 7H9 Broth supplemented with 10% Middlebrook and anastomoses appeared normal. After removal of intestinal
OADC enrichment (BD and Company, USA) and 2 mg/L ferricsegments from the abdomen, examination of the serosal
mycobactin J (Allied Monitor Inc., USA) was used to preparesurface revealed no visible abnormalities or discolouratiben
WCL. MAP cells were pelleted by centrifugation for 5mincompared to adjacent intestinigures 1A,Q. This is consistent
at 12,000 g, suspended in ice-cold lysis buer [PBS, 5%with our previous observations of intestinal segments ctdle
glycerol, 5mM EDTA, 1mM PMSF] and homogenized 525s  at 9 months post-surgensg). Fibrous attachments were present
with 0.1 mm Zirconia/Silica beads using a Mini-Beadbeat@r-1on the serosal surface of some intestinal segments, regultin
(Bio Spec Products Inc.). Protein concentration of the cdari in localized omental adhesions. There was no evidence of
supernatant was quanti ed using a Pierce BCA Protein Assay Kluminal content leakage into the abdomen. Segments weremor
(Thermo Fisher Scienti c, Inc.) and aliquots stored a20 C. distended at their distal end due to the accumulation of loadi
contents, consistent with ongoing peristaltic contracgadn the
aboral direction. After opening each segment, a dense, mucoid
Data and Statistical Analysis mass was present in the intestinal lumen and the mucosalsairfa
Gene expression stability for reference genes in real-tiR& g was uniform in color and texture with no visible erosion or
PCR was evaluated using Bio-Rad CFX Man&geSoftware. discolouration of the epithelial surfac€igures 1B,D. Further,
RNA-seq data analysis is described within its section. GraghP each intestinal segment retained a visible PP. In the mid-
Prism 8 (GraphPad Software, Inc., USA) was used for all othgejunal segments, a single anti-mesenteric DPP was visilthe wi
data visualization and statistical analyses. Assumptibnemmnal  clearly demarcated borders and was surrounded by thinner
data distribution were tested using the Shapiro-Wilk normalit jejunal tissue igure 1B). An anti-mesenteric CPP with clearly
test. Di erences in cytokine transcript abundance in PP tessu demarcated borders was visible in the distal small intestine
between MAP-infected (DPR,D 5; CPPn D 4) and PBS control segment Figure 1D). Histology con rmed that the anatomical
(DPP,n D 4; CPPn D 4) intestinal segments was determinedstructure of an organized PP had been retainBajres 2 3).
using an unpaired, two-tailed Student'dest and presented as Hematoxylin and eosin staining of formalin- xed tissue §ens
fold change. One PBS control DPP tissue sample was excludexvealed that both the mid-jejunaFigure 2A) and distal small
from the analysis due to poor sample quality. Di erences inintestine §igure 2D) segments had retained an intact epithelial
cytokine transcript abundance in vitro re-stimulated cells (i.e., barrier but villous atrophy was evident when compared to
LP, MLN, and PP cells) isolated from MAP infected (DRB 4; adjacent small intestine. Lymphocytes were abundant in the
CPPn D 4) and PBS control (DPR D 4; CPPn D 4) segments lamina propria (LP) beneath each villous and follicle-assec
was determined using an unpaired, two-tailed Studentsst, epithelium and dome regions were visible above the sub-
unless otherwise speci ed, and presented as relative expnessimucosal lymphoid follicles within each PP. Small interfollasu
Cells isolated from one MAP infected DPP intestinal segmenaccumulations of lymphocytes were observed in the ileal CPP,
were excluded from the analysis due to poor sample qualityand fewer lymphoid follicles with more extensive interfallar
f57 gene copies per g of tissue were normalized using log(gccumulations of lymphocytes were present in the jejunal DPPs.
transformation and di erences in copy numbers between MAP-There was, however, a noticeable reduction in the size of
infected DPP 1§ D 5) and CPP it D 4) PP was determined lymphoid follicles when comparing PPs in the isolated intesitin
using an unpaired, two-tailed Student'sest. CFU enumeration segments with PP located in adjacent intestine.
data was normalized using log(x) transformation. Di eresce  Immuno-histochemical staining (IHC) of tissue sections
in CFU counts between discreta D 5) and continuousit D  for Ki-67 (a marker of proliferating cells) was completed to
5) PP tissue was determined using a paired Studerigst. A determine whether lymphoid follicles in the PPs continued
one-way ANOVA was applied to compare CFU counts amongdo function as sites of lymphoproliferation and whether crypt
three independent challenge studiesd 11, 17, and 18). For epithelium retained its capacity to generate the cells require
correlation analysis betwedh7 gene copy numbers and MAP to maintain the epithelial barrier. In DPP and CPP of
CFU counts, Pearson's correlation was ugedalues 0.05were control (Figures 2B,BE and MAP infected intestinal segments
considered statistically signi cant. (Figure 3B data shown for DPP only) Ki-67 staining was
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FIGURE 1 | Intestinal segments removed from the abdomen at 12 months passurgery. Representative images of the serosal surface ¢A) mid-jejunum and(C)
terminal jejunal segments(B) Mid-jejunal segment opened along the mesenteric attachmerand luminal contents removed to show mucosal surface with ®PP
(between the hash marks)(D) Terminal jejunal segment opened along mesenteric attachnme and luminal contents removed to reveal the CPP running thentire
length of the segment. M, mesentery.

most abundant within lymphoid follicles and mucosal cryptscopy DNA elementf57 in fresh frozen PP tissueTéble J).

and less abundant in cells dispersed throughout dome regiorGontrol (n D 5) DPP and CPP tissue and MLNs draining these
and interfollicular regions. This staining pattern was cistent  intestinal segments were all PCR-negative ligpX and f57.

with that observed in PPs located in the adjacent intestinéll four MAP-infected segments containing a CPP wdby

of both control and infected calves. Collectively, PPs withifPCR-positive, two of which were also PCR-positive igpX.
surgically isolated intestinal segments, with or without RIA In contrast, only two of ve MAP-infected segments contaigin
challenge, retained an anatomical, structural and comparital a DPP werd57 positive and all ve werehspX PCR-negative.
organization that was similar to the PPs located in the agljac Furthermore, the mean lo$7 gene copy number/g of DPP tissue
intestine. There were, however, visible changes in the cfize was signi cantly lowerg D 0.046) when compared to CPP tissue.
lymphoid follicles and epithelial villi. There was a signirta To further validate MAP presence or absence in the DPP and
(p < 0.0001) reduction in the length of CPP lymphoid folliclesCPP, tissue sections were stained with MAP antisera. PP tissue
in the isolated intestinal segments (521 55mm; mean from control intestinal segments served as negative ctsté®
1SD) when compared to CPP follicle length (140655mm; few scattered, weakly stained cells were observed in the dome
mean  1SD) in the adjacent intestine. Lymphoid folliclesregions of control DPPsHigure 2Q) but there were no visible
were reduced to approximately one third (63% reduction)stained cellsin control CPP tissue sectidrig/(ire 2F. No visible
their normal length when CPP were present for 12 monthdHC stained cells were observed in tissue sections fi@mPCR
within surgically isolated intestinal segments. This refibn  negative MAP-infected DPPs, but visible cellular staining was
in follicle length occurred despite evidence of persistentletected in one of the twib7 PCR positive MAP-infected DPPs.
lymphopoiesis Figure 2. To control for these changes, all Visible staining in this single DPP was localized to cells ia th
analyses of MAP-infected segments were made relative to PBS8me regionsKigure 3Q. In contrast, IHC staining of cells was

control segments. observed in all MAP-infected CPP&i¢ure 3B with cellular

. . . staining in the dome regions similar to that observed in the
Persistence of MAP in Discrete and MAP-infected DPP. As well, abundant cellular staining in CPPs
Continuous PP was evident within many lymphoid follicle§igures 3E,G. IHC

The presence of MAP within each intestinal segment wastaining of cells was rarely observed in the interfollicutsgions
determined using gPCR to amplify the single copy MAP-speci c©of PPs, lamina propria, or MLNs draining either the MAP-
DNA elementhspXin formalin- xed PP tissue and the single infected mid- or distal small intestine segments.
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FIGURE 2 | Peyer's patch architecture and histochemical staining ohitestinal segments from control animals 12 months post-sugical isolation. Serial sections of
(A—C) a DPP and(D-F)a CPP were stained with(A,D) hematoxylin and eosin,(B,E) Ki-67 (brown color), and(C,F) MAP antigen (brown color). D, dome region; F,

lymphoid follicle; IF, interfollicular region; LP, lamina@pria; Mm, muscularis mucosae. Magni cation is 200X.

PCR and IHC analyses previously conrmed that MAP Transcriptome of Discrete and Continuous
injected into the lumen of intestinal segments of 10-14ppP gnd Draining MLN

day old calves resulted in a consistent and persistent MAR petter understand the regional di erences in MAP persistence
infection in both DPP and CPP tissue at 2 months postyhetween CPP and DPP, global transcriptomic pro ling with
infection (34). We further validated the consistent uptake andRNA—seq was used to investigate transcriptional changes at
persistence of MAP strain gc86 by enumerating viable bacterige site of MAP infection. The transcriptome of the 12
recovered from both DPP and CPP at one month post-infectiononth MAP-infected DPP if D 5) and CPP 1§ D 4) were
(Supplementary Figure 1A. No signi cant (0D 0.78) di erence  compared relative to PBS control segments D 5), as

D 5). Moreover, no di erencesy(D 0.28) in viable MAP recovery infected DPPs 1,707 genes were di erentially expressed (fold
was detected among three independent MAP infection studies (change 1.5 fold; adjustedp < 0.05) when compared to

D 11, 17, 18) when using surgically isolated intestinal sefsne (ninfected DPPs Supplementary Table 2 In contrast, only
(Supplementary Figure 18 Thus, targeted delivery of MAP 4 genes were dierentially expressed in MAP-infected CPPs
to intestinal segments results in reproducible and conststensypplementary Table 3 when compared to uninfected CPPs.
MAP infection. These data suggest that MAP infection persistRg (i erentially expressed genes were identi ed in the MLNs
equally in DPP and CPP of all animals between 1-2 monthgraining MAP-infected segments containing either DPP or CPP
post-infection, however, at 12 months post-infection therasw \yhen compared to MLNs draining PBS control segments.

a divergence in MAP persistence in DPP when compared Pathway analysis, using InnateDB€), of dierentially

to CPP. expressed genes in MAP-infected DPPs identied two
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FIGURE 3 | Peyer's patch architecture and histochemical staining ohitestinal segments 12 months after MAP infection. Serial stions of a DPP were stained with
(A) hematoxylin and eosin,(B) Ki-67 (brown color), and(C) MAP antigen (brown color and arrowheads). Serial sectionsfdawo CPPs stained with(D,F) hematoxylin
and eosin and(E,G) MAP antigen (brown color and arrowheads). D, dome region; fymphoid follicle; IF, interfollicular region; Mm, musculs mucosae. Magni cation
is 200X. Insets in PanelgC,E) are digital magni cations of boxed areas in the(C) dome region and (E) lymphoid follicle showing staining for MAP antigen occurs
predominantly within the cytoplasm.

signi cantly upregulated pathways, includingchemokine Cytokine Gene Expression in MAP-Infected
receptors bind chemokinasd metabolismand 61 signi cantly Discrete and Continuous PPs

downregulated pathwaysS(@pplementary Table % Pathview 1o identify specic cytokines associated with the control
(63 (Figure 4) and NetworkAnalyst §7) zero-order protein-  of MAP infection, we compared cytokine gene expression
protein interaction network visualization Fgure 5 further  in control and MAP-infected PP tissues. Using gqRT-PCR
highlighted a substantial number of specic chemokines (Gye quantied transcript abundance for 23 cytokine genes
upregulated) and chemokine receptors (9 upregulated and @ypplementary Table ) associated with Th1, Th2, and Th17
downregulated), cytokines (7 upregulated, 6 downreguleded  yesponses. In MAP-infected DPPa D 5), CXCL8 IL4, and
cytokine receptors (19 upregulated, 5 downregulated), imenun| 27 were upregulatedo< 0.05) when compared to DPP tissue
cell surface markers (e.€D79A CD79B and innate immune-  collected from PBS control segment&igure 6A). In contrast,
related genes (e.gGASP3 CASP6 granzyme Bas potentially || 128 IL17A, TGFB1and TNFA were upregulatedp(< 0.05)
involved in the mucosal immune response to MAP. These datg, mAP-infected CPPsr( D 4) when compared to CPP tissue
show that the reduction of MAP burden in DPP is associated withq|jected from PBS control segmenEgure 6B). In both MAP-
signi cant global transcriptional changes (involving a nber  infected DPP and CPRENG and IL1A were each upregulateg (

of immune-related genes) whereas the persistence of MAR 0.05) relative to their respective PBS control segments.
infection in CPP was associated with minimal changes to the To determine whether di erentially expressed cytokine genes
global transcriptome. This dichotomy provides an opportunitycould only be identi ed following a prolonged MAP infection
to further investigate immune responses associated wittirobn (12 months post-infection) we also analyzed PP tissues tadlec
of MAP infection vs. persistence of infection, and to identifyat an earlier time point of 2 months post-infection. These
potential surrogate markers of immune protection. 2 month post-infection tissue samples were obtained from

Frontiers in Immunology | www.frontiersin.org 9 May 2020 | Volume 11 | Article 1020


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

Facciuolo et al. Mucosal Immunity Controlling MAP Infection

TABLE 1 | Summary of study animals and infection status at 12 months pst-challenge.

Intestinal segment site and PP: Challenge dose Calf ID f57 gene copies/g PP tissue hspX gPCR PP tissue hspX qPCR MLN
Mid-jejunum discrete PP 1 10° CFU 29 6.6 10° Negative Negative
35 3.1 10° Negative Negative
37 Negative Negative Negative
42 Negative Negative Negative
a7 Negative Negative Negative
Terminal jejunum continuous PP 1 10° CFU 28 1.2 10* Positive Negative
34 1.5 10* Negative Negative
36 1.7 10° Positive Negative
40 7.6 107 Negative Negative
Mid-jejunum discrete PP PBS 31 Negative Negative Negative
33 Negative Negative Negative
39 Negative Negative Negative
41 Negative Negative Negative
43 Negative Negative Negative
Terminal jejunum continuous PP PBS 31 Negative Negative Nagve
33 Negative Negative Negative
41 Negative Negative Negative
43 Negative Negative Negative

MAP bacterial burden was determined by quantifying the single copy MAP-spea DNA element f57 £5) in fresh frozen PP tissue and the single copy MAP-speci c DNA elemeifitspX
(62) in formalin- xed tissue by gPCR. Control calves had two segments sgically isolated: one in the mid-jejunum containing a DPP and the other the terminal jejunum containing a
CPP, and each injected with PBS. PP, Peyer's patch; MLN, mesenteritymph node.

surgically isolated intestinal segments prepared in nednat&ytokine Responses Elicited by MAP

calves challenged with an equivalent dose of the MAP gc8fntigen Re-stimulation of Intestinal

strain as described in this study34). Of the 23 cytokine Immune Cells

genes analyzed, none were signi canty 0'(.)5) di erentially. We next determined whether MAP antigen could elicit
expressed in MAP-infected DPPs D 3) relative to syngeneic di erential expression of any of the cytokine genes identi ied

PP in PBS control segmentBigure 7A). In contrast,|L6 was PP tissue at 12 months post-infection in cells isolated from the

signi cantly but modestly upregulated in MAP-infected CPPs . ST . .
(n D 3) relative to its expression in syngeneic PP from contro|‘P’ PP tissue and MLN draining individual intestinal segnsent

segments Rigure 7B). The paucity of di erentially expressed and subsequently re-stimulatdd vitro with MAP whole cell

cytokine genes at 2 months post-infection was consistert wit!y?ate' dC;ytokme Igene expression n cellsd |solat|<|ad. frc|>m M?P'
our previous observation that there was no signi cant indaot infected intestinal segments was compared to cells isolateu

of MAP-speci ¢ IFNG-secreting cells in either DPP or CPP at oPBS control segments. We observed that whole cell lysategadu
months post-infection §4). signi cant (_p < 0.05)_ antigen-speci clL22 and IL27 re_caII

We further investigated whether di erentially expressed"©SPOnses in PP cellbigure 9A by 6- and 4- fold respectively)
cytokine genes identi ed at 12 months post-infection migknse  2nd LP cellsRigure 9C by 6- and 3- fold, respectively) isolated
beenin uenced by developmental changes in PP gene expressigﬂm_ MAP—lnfected bPP Segme”ts- I_n contra_st, there were
(64) since the CPP begins to involute at the time of sexual® Signicant (p > 0.05) antigen-specic cytokine responses
maturity (65). Expression of the 23 cytokine genes analyzed wabserved with PP or LP cells isolated from MAP-infected
compared in PPs collected from PBS control segments at 2 affe’” S€gmentsHgures 9B,0). In contrast, whole cell lysate
12 months post-surgery. Three of the 23 cytokine genes arlmyzétimulation of cells isolated from MLN draining the MAP-
(IL6, IL10, IL18) displayed signi cantp < 0.05) age-dependent infected CPPs displayed signi canp & 0.05) changes in the
di erential expression in DPPsRigure 8A) and 8 cytokine genes €Xpression ofL22, IL27 IFNG, IL17A and TNFA (Figure 95,
(FOXP3 IL1A, IL2, IL4, IL6, IL10, IL23, TGFB3 displayed but no signicant (o > 0.05) induction of cytokine genes was
signi cant (p < 0.05) age-dependent di erential expression indetected in cells isolated from MLN draining MAP-infected DPPs
CPP Figure 8B). Thus, with the possible exception tf1A,  (Figure 9. Thus,in vitro analyses of MAP-speci ¢ responses
which displayed an age-dependent upregulation in CPP, noreon rmed that persistent MAP infection of both DPP and
of the MAP-specic dierentially expressed cytokine genesCPP resulted in regionally specic PP cytokine responses and
identi ed by qRT-PCR at 12 months post-infection displayeddi erential cytokine responses in draining MLNs of intestinal
signi cant age-dependent changes in transcript abundance.  segments containing either an infected DPP or CPP.
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FIGURE 4 | Pathway-based visualization of differentially expressegenes encoding cytokines and chemokines and their receptawhen comparing MAP-infected
DPP to PBS control intestinal segments. Data was rendered uisg Pathview ¢3). Red, upregulated; green, downregulated.

DISCUSSION PCR positive, and further revealed the burden of infection
was greater in CPP than DPP as abundant intracellular MAP
We previously demonstrated equivalent uptake and persistenggaining was observed in CPP lymphoid folliclédgire 3G
of MAP infection in DPP and CPP at 2 months post-infection bybut not in DPP lymphoid follicles Kigure 3Q. Thus, our
IHC staining for MAP antigen and detection of the single copychallenge model consistently shows persistent MAP infection
DNA elementhspX (34). To further validate this observation, in CPP at one $upplementary Table 1 two (34), and 12
recovery of viable MAP performed in the current study months post-infection. Conversely, gPCR and IHC results
con rmed that all neonatal calves were infected with simila support the conclusion that MAP infection in DPP is more
levels of MAP in DPP and CPP at one month post-infectione ectively controlled at 12 months post-infection relative
(Supplementary Figure 1A. PCR coupled with IHC has proven to CPP following comparable levels of initial tissue uptake
more sensitive, at times, tham situ acid-fast staining or (Supplementary Figure 1A. This conclusion is further
bacterial culture in detecting MAP in tissues, specically atsupported by histopathological analysis of intestinal tissue
later time points post-infection 30, 31, 36, 48). Therefore, from naturally infected cows where fewer lesions, and less
we used IHC staining of tissue in combination with PCR forin ammation and mucosal thickening are observed in jejunal
detection of MAP in this study Kigures 2 3). At 12 months tissue (the site of DPP) when compared to ileal tissue (tleeddit
post-infection, MAP DNA was detected by gPCR in only twoCPP) ¢8).
of the ve DPPs but consistently detected in CPHslle 1). MAP infection of DPP is not unique to our challenge model
Moreover, f57 gene copy numbers were signi cantly less inbut has been conrmed by histopathology, bacterial culture
MAP-infected DPP than CPP tissue by qPCR. IHC stainingand/or detection of MAP DNA in both naturally-infected cakje
validated MAP infection in both DPP and CPP that werebulls and cows47, 48), and following oral inoculation 0, 31,
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FIGURE 5 | Zero-order protein-protein interaction network of diffezntially expressed genes comparing MAP-infected DPP to PB8ontrol intestinal segments. Data
was drawn using NetworkAnalyst§7). Red, upregulated; green, downregulated. Node size re e the number of protein-protein interactions, with larger ades
representing a greater number of annotated interactions.

36, 49-51). Host-pathogen interactions in DPPs have receive@nd 2 months 84) post-infection argues that an unperturbed
little attention in cattle but DPPs have been recognized ras aCPP might contribute to the prolonged asymptomatic stage of
important site of infection in goats and sheep8(40). What infection (L1) and moreover, provides a source of MAP for
is intriguing about our data is that it demonstrates for thest  fecal shedding facilitating horizontal transmission amaadyes
time that reduction in MAP infection in DPPs at 12 months (14, 15). Involution of the CPP at sexual maturitg®) eliminates
post-infection is associated with a widespread transcrigtion this unique portal of entry and the lymphoid follicles within
response involving cytokine, chemokine and metabolism genethe terminal small intestine which harbor MAB{) (Figure 3G

In contrast, persistence of MAP infection in the CPP wasand Supplementary Figure ] and provide a refuge from host
associated with minimal perturbation of the global tranptoime  adaptive immune defenses. To maintain infection in older
as assessed by RNA-seq analysis. Collectively, the sustaiaeimals, MAP must be able to survive in the adjacent intestina
paucity of a local host response to MAP infection in CPP at 12issue where e ector immune cells are much more abundant

Frontiers in Immunology | www.frontiersin.org 12 May 2020 | Volume 11 | Article 1020



Facciuolo et al. Mucosal Immunity Controlling MAP Infection

FIGURE 6 | Differentially expressed cytokine genes in MAP-infected®P and CPP at 12 months post-infection relative to PPs colleed from PBS control segments.
Transcript abundance for 23 cytokine genes (assessed usinthe primers described inSupplementary Table 1 ) was quanti ed by gRT-PCR in PP tissue from(A)
MAP-infected g D 5) and PBS control (i D 4) DPP segments, and(B) MAP-infected g D 4) and PBS control o D 4) CPP segments. Each data point represents the
fold change for each individual animal relative to the meanfshe PBS control segments. Data is presented only for cytokies showing differential (5 < 0.05) gene
expression in MAP-infected segments compared to PBS contrbsegments.

FIGURE 7 | Differential cytokine gene expression in PP tissue from MARfected segments compared to PBS control segments at 2 moths post-infection.
Transcript abundance for 23 cytokine genes (assessed usinthe primers described inSupplementary Table 1 ) was quanti ed by gRT-PCR in(A) MAP-infected 6 D
3) and syngeneic PBS controlif D 3) DPP tissue, and(B) MAP-infected f D 3) and syngeneic PBS controlif D 3) CPP tissue collected from a previous study3¢).
Each data point represents the fold change for each individal animal relative to the mean of the PBS control segments. Da presented are for cytokine genes
showing differential (5 < 0.05) gene expression in MAP-infected segments relative tBBS control segments at 2 months post-infection, in additio to those cytokine
genes that were identi ed as differentially expressed at 12 wnths post-infection Figure 6).

(61, 66), and there is a greater capacity for the induction ofthis study we provide additional evidence that only onie6]
mucosal immune response34). of 23 cytokine genes was modestly upregulated in CPP at 2
Our previous analysis of MAP-speci c antibody responsesnonths post-infection Figure 7B). The absence of a detectable
at 2 months post-infection identied a regional dichotomy immune response in CPPs is consistent with previous infection

with the induction of IgA responses in DPPs but not CPPsstudies investigating host responses up to 12 h post-infedtion
Although we detected MAP-speci c IgA B cells in DPPs at 2ligated ileal loops32) as well as studies performed 1-month post-
months post-infection §4), targeted qRT-PCR analysis of 23infection in surgically isolated segments containing a G&4.
cytokine genes associated with Thl, Th2, and Th17 responsBsth groups identi ed few di erentially expressed genes 10)
(Supplementary Table 1 revealed no dierentially expressed through transcriptomic pro ling. Thus, MAP infection of both
cytokine genes at 2 months post-infectiofigure 7A). We  DPP and CPP, induces few transcriptional changes in immune-
previously observed no detectable induction of a MAP-speci aelated genes at 2 months post-infection and the induction of
immune responses in CPP at 2 months post-infection whemMAP-speci c antibody responses in DPP did not correlate with
quantifying IgA-, 1gG-, and IFNG-secreting cell84) and in  reduced infection. Transcriptomic pro ling of DPPs at 2 months
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FIGURE 8 | Comparison of differentially expressed cytokine genes inBP and CPP tissue from PBS control segments at 12 months relate to 2 months
post-surgical isolation. Transcript abundance for 23 cytkine genes (assessed using the primers described iBupplementary Table 1 ) was quanti ed by gRT-PCR
and normalized to the constitutively expressed gen& WHAZ Bars represent the mean fold change (F.C.) at 12 months posturgery (i.e., 12-month-old calves)
relative to 2 months post-surgery (i.e., 2-month-old calvs) in(A) DPP tissue ( D 4 and n D 3, respectively) and(B) CPP tissue D 4 and n D 3, respectively). p <
0.05, black bars. Error bars represent standard deviation.

post-infection is warranted and may reveal signi cantchas@n an active pro-in ammatory response the RNA-seq ndings
host responses beyond the 23 cytokines we assayed. would argue that these genes have limited impact on the global
The dichotomy in host responses to MAP infection inhost response in CPP. Moreover, the lack of MAP antigen-
DPP vs. CPP was prominent at 12 months post-infection, andpeci c recall responses in isolated mucosal immune cellféurt
more importantly this dichotomy correlated with reduced MAP substantiates the inability of the CPP to mount a robust local
burden in DPPs. RNA-seq analysis revealed 1,707 di ereptialladaptive immune response to MAP during the early stages of
expressed genes in MAP-infected DPPs but only 4 genes withfection. Collectively, the paucity of local host responsdsmiP
altered expression in CPPSypplementary Tables 23). The is consistent with the function of the CPP as a primary lymphoid
paucity of di erentially expressed genes, speci cally immunedissue {5 and the lack of CD4 T cells in CPP lymphoid follicles
related genes, in MAP-infected CPPs is consistent witlj41). This lends further support to the conclusion that MAP may
transcriptomic pro ling of ileal tissues collected from natlly  exploit the lymphoid follicles of CPP-{gure 3 as an immune
infected, subclinical cows such as that of the ileocecalevalyprivileged site to avoid induction of host adaptive responses.
identifying 230 dysregulated gene&s7), however few of these MAP whole cell lysate induced responses in LP, MLN, and
genes and none of the altered pathways were immune relatelP cells revealed further regional and compartment di erence
Further investigation into cytokine gene expression by qRTin immune responses to MAP infectiorFigure 9 with novel
PCR in this study showed 6 cytokine gend§NG, IL1A, cytokine genes associated with MAP control. Speci cdllp?2
IL12B IL17A, TGFB1, TNFA were upregulated in MAP- (which has an important role in host defenses at mucosal
infected CPPsHigure 6B). Previous analyses of MAP whole surfaces) andl.27 (involved in Th1 induction and in inhibiting
cell lysate stimulated immune responses at 6—15 months posthl7 development) were signi cantlyp(< 0.05) induced by
infection have consistently identied one or more of IFNG, MAP whole cell lysate-mediated stimulation of cells colldcte
IL12, TNFA, and/or IL17A (either transcript or protein) as up- from MAP-infected DPP Figures 9A,Q, but not MLNs draining
regulated in either CPPs58, 69 or the draining MLN cells these segmentsFigure 9B). In contrast, IL22 and IL27 were
(33 35. Whole cell lysate-mediated stimulation of cells isafate not induced following MAP whole cell lysate stimulation of
from ileal MLNs of subclinical, naturally MAP-infected cows cells isolated from MAP-infected CPHFigures 9B,D. These
also induced increased secretion of IFNG, IL17A, and TNFAlata, together with cytokine gene pro lingFigure 6) and
(70). Thus, data from our intestinal segment challenge modefranscriptomic pro ling (Supplementary Tables 23) of whole
are consistent with data from other experimental challengéissues support the conclusion that following a prolonged host
models (e.g., oral-challenge, ligated loops, cannulat@md pathogen interaction a partially protective immune response to
naturally infected animals. Furthermore, these ndings yide = MAP developed in DPPs but not the CPP.
a consensus regarding altered cytokine expression, spégi ca The upregulation ofiL22 and IL27 has not been previously
those classically regarded as pro-in ammatory, as assatiatreported in the context of an enteric MAP infection. IL27 has
with MAP persistence in CPP but not associated with protectivg@reviously been implicated in immunity against viral, baciéri
immunity. Despite the upregulation of these cytokines sutiggs and parasitic diseases]( 72) and in many reported studies was
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FIGURE 9 | MAP-speci ¢ cytokine responses show marked regional and conpartmental differences in mucosal immune response to persient MAP infection.
Freshly isolated(A,B) PP and (C,D) LP cells from MAP-infected (black dots) DPPn(D 4) and CPP ( D 4) segments and PBS control (white circles) DPR(D 4) and
CPP (0 D 4) segments, and(E,F) cells from the draining MLN were stimulatedn vitro with MAP whole-cell lysate (Ing/mL; 2  10° cells). Cytokine transcript was
quanti ed in resting and stimulated cells to determine relave expression. Each data point represents the relative exgssion for each individual animal.pr< 0.05, **p
< 0.01. p values were calculated using Studentd test for all datasets with the exception ofiL22 in PP cells in which a Mann-Whitney test was applied. PP, Peys
patch; CPP, continuous PP; DPP, discrete PP; LP, lamina prajpa; MLN, mesenteric lymph node.

essential for limiting immune pathology78). The pleotropic IL27 have been performed in humans or mice, and reports on
nature of IL27 has led to con icting reports regarding itseah  the role of IL27 in intestinal immunity, speci cally in rumamnts,
the context of infectious disease®|(75). Most investigations of is limited. In mice, deletion oflL27 improved clearance of
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Mycobacterium tuberculosiMTB) from the lungs {6) but cells isolated from MAP-infected DPPBigure 9). In contrast,
subsequently lead to earlier mortality when compared to WTMAP whole cell lysate induced antigen-speci c recalldf2with
mice due to IL-17A-induced immunopathology {, 78). These cellsisolated from MAP-infected DPPs and MLNs draining CPPs.
observations suggested a role for IL27 in regulating regmnsUpregulation ofIL22 occurred in tissues where MAP could no
by modulating Th17 cell activity7©). FollowingMycobacterium longer be detected~{gure 9). Interestingly IL27 and IL22 were
bovis(bTB) infection of cattle, increased lung immunopathologyco-expressed within the same cell populatioRg(re 9) after
correlated with increasetL17A and IFNG recall responses in re-stimulation with whole cell lysate. Further work is nedde
PBMCs @0 suggesting that IL27 might play a similar, yetaddress whether both are co-translated within the same cells.
unstudied, role in balancing immune protection and contimj  These initial associations suggest that, in bovine P2 and
IL17A induced pathology in cattleln vivo studies focused IL27 may be surrogate markers of immune protection. Further
on CD8T cells revealed an emerging role for IL27 as amork is needed to con rm whethelL22 and IL27 in fact play
essential third activation signal. Mouse studies demotetta a critical role in local protective immunity and/or whether
that IL27 promotes CD8T cell expansion and IFNG productionincreased expression of these cytokines in CPP would sigilarl
during MTB infection 1) as well as in uenza virus, Sendai be associated with a protective host response.

virus, andToxoplasma gondinfections (72, and has a critical We report for the rst time a quantitative analysis of mucosal
role in sustaining antigen-specic CD8T cell survival dugin immune responses to persistent MAP infection in the two
chronic viral infections §2). The latter study identied IL27 structurally and functionally distinct PP present in the simal
signaling via STAT1 and transcription factor IRF1 as esskntiantestine of young calves. MAP infection of bovine DPPs has
for prolonging CD8 T cell survival. Our transcriptomic pro ljp  largely been ignored but our ndings address this knowledge
of MAP-infected DPP tissue revealed increased transcriptiogap and reveal: (i) MAP similarly infects jejunal DPP and
of IL27, STAT1 and IRF1 warranting further investigation ileal CPP; (ii) DPPs can function as an immune induction site
of this pathway as a putative mechanism of MAP controlwhere protective mucosal immune responses can limit MAP
Lastly, transcriptomic pro ling ofin vitro stimulated PBMCs infection over a 12 month period, and (iii)) CPPs failure to tah
revealedIL27, in addition to other Thl7-related cytokines, as MAP infection is associated with a paucity of pathogen-speci c
the most highly upregulated gene following bTB infecti@®)( immune responses. Transcriptomic analyses of the marked
Collectively, these ndings suggest that diverse hostskeML27  di erences in host responses occurring at these two intektina
in their immmune response to pathogeritycobacteriunspecies. sites enabled us to identify novel cytokines, including hbot
In our study of local immune responses, the inductionldt7did  1L22 and IL27, associated with the control of MAP infection
not correlate with decreasdBNGor IL17A (Figures 6A 9). On  in DPPs. However, further work is needed to identify which
the contrary, MLN cells re-stimulateid vitro with MAP whole e ector cell populations in DPP are responsible for IL22 and
cell lysates increaséd27 expression concomitantly wittFNG  IL27 production, as well as to de ne the role these e ector
and IL17A (Figure 9F. However, it remains to be determined cells and cytokines play in immune protection during MAP
whether this increased gene expression had an impact at thefection. These analyses will further our understandindpoth
level of translation, and subsequently an immune-modulator mechanisms mediating control and persistence of MAP infection
or -stimulatory role. Overall, further investigation of 2Z is in the natural host and potentially guide the design and s&ect
warranted to determine the importance of its role in enteric A of e ective therapeutics, such as vaccines.

infection and protective mucosal immunity.
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protective immunity 3. In cattle, IL22 is expre§seq in both A gatasets generated for this study are included in the
abTcR andgdTcR T cells §4). IL22 has been implicated as ,icje/Supplementary Material The RNA-seq datasets for this
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