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Functions of the immune system

The total area for protection is 2 m2 skin,
80 m2 lung, and 350 m? gut tissue.

lung 80-100 m?2  150-180 m?2 |
6 12-13 | Infection =
Non-self
gut 7.5 m 46 m (33-63)
100-300 m?2 >2000 m?
Tumour =

Modified-self



Acute and chronic inflammation

Acute inflammation is the immediate defensive reaction to infections or injuries

Inflammatory Pathway

Inducers . Sensors > Mediators Target tissues
Q | TLR TLR
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Infection CCL2, CXCL8
Mast cell Dendritic cell
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Bradykinin
Eicosanoids

Tissue damage

Vasodilation
Immune cell recruitment
RONS and interleukins

If the inflammatory inducer

Immune cell infiltration s not eliminated

Increased production <€

Chronic inflammation

Resolution and health
in 2 weeks or less

Medhhzitov, Cell 2010



Neutrophils

First responders of the innate immune system

Can form NETs to trap and kill pathogens

* Sticky, extracellular webs of nuclear DNA
decorated with anti-microbial peptides

Priming
* |FNs

Regulation innate but also adaptive immune responses
* Interaction with DC

Breedveld et al. J Leuk Biol 103:1003; 2017

BTN QNEUSE o TR Migration 1:CCL3, CCL4, CCLS5, CCL20
- Lactoferrin o .
- Myeloperoxidase (MPO) Migration v: MPO, lactoferrin
y. Maturation*: TNF-q, lactoferrin, LL-37, cell-cell contact
- Serine proteases o
(neutrophil elastase, cathepsin-G) Maturatony: MPQ
’ Altered cytokine/chemokine release:

Neutrophil markers: ® o
CD66b, CD16, Gr-1/Ly6G /_ﬂ
Effects on DCs and involved mediators:

- Metalloproteinase 9 (MMP9) Q];toferrin, LL-37, MPO, NE, cathepsin-G, cell-cell contact
Promotion of DC-driven Th1,Th2, Th17 or Treg cell induction

- LL-37
Cell-cell contact: DC-SIGN; CEACAM-1; Mac-1; ICAM-1
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The epithelial barrier in mouse colon stained for
nuclei (blue) mucus (red) and bacteria (green)

Bacteria

Loose mucus

Gut lumen
Firm mucus
Goblet cell
Villi
Mucosa

Sovran, van Beek, 2015
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Host — microbe interaction in the gut
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In Microbiota and Immunity
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Maternal microbiota
Maternal health

Lifestyle
Genetics

Microbiota over human life time

Geography
Breastfeeding
Formula
Antibiotics
Genetics

!

pregnancy > infancy >

In uterus
Firmicutes
Tenericutes
Proteobacteria
Bacteroides
Fusobacteria

Vaginal delivery A Diversity

Lactobacillus W Stability
Lactobacillus, Predominance :
Prevotella Staphylococci
Sneathia spp Streptococci
C i Lactobacillus
-section o .
Pl r— Bifidobacterium
Corynebacterium

Propionibacterium spp

Diet
Lyfestyle
Genetics

!

adulthood >

Distinct differentiated

microbiota
A\ Stability
A Firmicutes

WV Bacteroides

Diet
Lyfestyle
Medication
Genetics

!

elderly >

b Diversity

V Firmicutes
A Bacteroides
A\ Proteobacteria



Colonization of neonatal calf rumen, post partum
up to the first 12 weeks of life

Rumen fluid —

Streptococcus _________f—---“"'ﬁ'}__n'r_f_r:_utes, Eactemidetes—‘ >High fiber
Bacteroides T diet
Prevotella  Proteobacteriac —
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10°
165 rRNA < _
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Birth 12H 1-3D 1W 3w 7W
Small intestine Fecal samples

tissue + content B )
( ) Firmicutes, Bacteroidetes
Lactobacillus

Bifidobacterium . '
E. coli Faecalibacterium
Streptococcus Bifidobacterium

Bacteroides-Prevotella group 9




Barrier integrity in maintaining a healthy gut

Healthy Barrier

g Bacterial products, Dietary antigens
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Panwar et al. Front. Physiol. 12:715611; 2021 10
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© American Dairy Science Association®, 2016.

Development and physiology of the rumen and the lower gut:
Targets for improving gut health’

Michael A. Steele,*2 Greg B. Penner,t Frédérique Chaucheyras-Durand, and Le Luo Guan*

Stratified squamous epithelium

Corneum
(25 pm)

Granulosum
(25 pm)

Spinosu
(25pm)

Ruminal

Columnar epithelium

Intestinal

Outer mucus
layer (>100 um)

Inner mucus
layer (30 pm)

Epithelial cell
(20 pm)
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DCs: gatekeepers of the mucosal immune system

Chronic inflammation immature DC mature DC
: :
\_ pathogens
MATURATION
inflammation
antigen uptake antigen presentation
antigen processing costimulation

T cell activation

 —

healthy m IMMUNITY

A\ Key feature:
\é protects against infections,
~  while avoiding destructive
’ inflammatory response to
, commensal bacteria/dietary
IL-10DC compounds.
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Monocytes and macrophages for IM

Lysosome

Nucleus

Phagosome

Phagosome

Pseudopodia

Phagosome

Lysosome

Killing of intracellular
parasites

Tumor Tissue
resistance

L
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TNFNe JL-1"e": M1 chemokines (e.g.

CXCL10).

Inflammation: injury
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—_—

destruction

Non-polarised
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Tissue
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Parasi& / Tumor
encapsulation promotion

- -

Immunoregulation

M2s

IL-12'%: |L-23"%: |L-10"%": arginase-1;
TNF": IL-1ra"9" decoy IL-1 RII"9"
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receptor"®: M2 chemokines (e.g.
ccLoo)

Fibrosis: repair

24 hrs ‘ nflammat
TNFa + INFy | M1
‘macropha
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Macrophages treated with non-digestible polysaccharides reveal a
transcriptionally unique phenotype

Journal of Functional Foods 36 (2017) 280-289

Yongfu Tang ™', Coen Govers®*', Harry J. Wichers **, Jurriaan J. Mes®

Metabolically different
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Microbial PAMP
ligands are recognized
by PRRs on innate
immune cells and have
long-term effects on
the functional
programme of the cell

histone marks associated with
open chromatin, such as
trimethylation of lysine 4
residue of histone 3
(H3K4me3), H3K4me1l,

and H3K27Ac

MDP B -glucan Pam3Cys

BCG 'i
Dectin-1 ‘——l

TLR4

mTOR .

(RS ..

1Glycolysis
1Oxidative phosphorylation

\f .
Trained immunity

H3K4me3 H3K27ac
N
A 7

\, ’\/ S

transcriptional regulation

Trained cell
Increased cytokine
production,
Immune protection

Tolerized cell
Decreased
cytokine
production
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Defining trained immunity and its role in health and disease
Mihai Netea et al. Nat Rev Immunol. 20: 375; 2020
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J Cytokines
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N ‘ molecules
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BCG (innate) priming increases heterologous Th1l responses

®  Fold induction IFN-y

—
w
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M. tuberculosis

J

SPECIFIC ADAPTIVE

:'VBC:GVI IMMUNE REPONSE
“aﬁ@ Against TB

= N

IMMUNIZATION
NON-SPECIFIC

REDUCTION OF
CHILDREN MORTALITY
Malaria, Sepsis,
Respiratory infections,
Leprosy.
non-specific
pathogens

Trained Immunity

EPIGENETIC
MODIFICATIONS

H3K4me3

TNFA,ILé, IL1B

IMMUNE MEMORY

YFV
S. aureus
[ C. albicans
TB

Candida S. aureus

6 — ' * 15 4 * %
> T '
Z = U
- (5.
'54 { e 10

0 | - | o4 EEEE
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Bacillus Calmette—Guérin (BCG). An
attenuated form of the bacterium
Mycobacterium bovis, which is the
causative agent of bovine tuberculosis.
This is now a vaccine to prevent
tuberculosis (BCG vaccine), but it also
induces protective heterologous effects
against infections and malignancies.

Kleinnijenhuis et al, Clin Immunol 2014



Induction of Trained Innate Immunity in Human

Monocytes by Bovine Milk and Milk-Derived

Immunoglobulin G

Nutrients 2018, 10, 1378

Marloes van Splunter ', Thijs L. J. van Osch !, Sylvia Brugman !, Huub E J. Savelkoul 117,
Leo A. B. Joosten 2, Mihai G. Netea 2 and R. . Joost van Neerven 1-%-*

Component Concentration
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k-Casein 1.4 3.4 TLR7/8 R848
ag;-Casein 0.9 10.6 /
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-Lactoglobulin Absent 3.1 + training
a-Lactalbumin 3.0 0.9 supernatant
Serum albumin 0.5 0.3 wash refresh media P
Lactoferrin 20 0.1 i i
Lysozyme 0.5 0.0004
Osteopontin 0.14 0.02 - -
IgG 0.04 0.63 Resting (RPMI + 10% human AB)
Day0 Dayl Day6 Day7
van Neerven, Knol,
Heck, Savelkoul, JACI, 2012 10000
20000+ ' . ¢+ RPMI
B o © o hovine lactoferrin
o o bovnelgd 0 o
150004 - .
T 0 0 £ 5000 o
g 2" °
2 10000+ ° © *
‘? 4 -II 4UM' » o
- 0 . = 0 ¢ o 0
= 0 ¢« 0
5000{ % ) 2000{% “ o L0
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TNF-o. pg/ml

Continuous Exposure to Non-Soluble B-Glucans Induces Trained
Immunity in M-CSF-Differentiated Macrophages Front. Immunol. 12:672756; 2021.

Bart G. J. Moerings, 1:2- T Priscilla de Graaff, 7+ % T Matthew Furber, * Renger F. Witkamp, 2 Reno Debets, ¥
1.5.%, 1

Jurriaan J. Mes, 1 Jeroen van Bergenhenegouwen, 4 - ¥ and Coen Govers

B-glucan rx-:ar;nTn :n::::: Unknown Unknown Mice on IOW fiber have |ESS
a
high—)r:'lljannose Mannan Mannan B-mannosides complex microbiota
i Control diet (4% fiber) Low-fiber diet (<0.3% fiber)

Signaling Pathways
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U l g W
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Diet-induced epigenetics modulate transcriptional activity
with long-lasting consequences in the newborn

Pregnancy and early life Childhood  Adulthood

Environment \

(living on a farm)
DNA methylation T —— :

; | | Asthma

Diet T g Diabetes |

(human/hovine milk > Histone N\/\W l' :

and its components) modifications [k - MRNA  miRNA Obesity 1
DNA methylation __ ) hamwennds Infections §

. Y : : ; NAN ‘

Gut microbiome

(SCFA) % protein
Histone acety/atiorﬂ R
interference

Transcription oeelon <
: CIH3 C|H3 CIH3 : ' \
i"""'CGCGCGCGCGCGCG""'"""""""""""" : | - :

DNA
methylation



Th2

Naive CD4* T cell

Th17

S

Histone

Histone mark(s)

H3K9ac, H3K 14ac,
H3K18ac

H3K 14ac, H3K 18ac,
H4K5ac, H4K8ac

H3K4mel

H3K4me2, H3K4me3 3

H3K27me2, H3K27IV

H3K9me2, H3K9me3

Phosphorylation H3S10p

r'f-'l"f’gj—:* 17— modification
4 H3Kdmes3 Acetylation
| mdies B s oo dJ/4 H3K27me3 (H3, H4)
Methylation
Ing—- 172~
— 4 H3K4me3
Ldl |4 H3K27me3
Ifng— 1172
4 H3K4me3
| bl 4 H3K27me3

Chromatin immunoprecipitation-sequencing (ChlP-seq)

CD4+
T-cells

Gene Foxp3 induced

**1(Xp11.23)

| =H3Kame2

':H':‘-KE 7me3

117876102

117883948

|/
F

H3K4me2 = active

Gene TGF-f3 removed

16 -

"1 (19913.1-913.3)

0'j'_W''''T""""F"""""""W

20718985

20725577

1 .

H3K27me3 -> repressive | .,




T-cell subsets

Thx21
Gata3
Rorc

Foxp3
Tbx21
Gata3
Rorc
Foxp3
Tbhx21
Gata3
Rorc
Foxp3
cl:)glndntlc T2
@ H3K4me3 Gata3
©® H3K27me3 Rorc
Foxp3

Key
transcription
factor

T-bet

GATA3

RORyt

FoxP3

Signature
cytokine(s)

IFN-y

IL-4
IL-13
IL-5

IL-17A
IL-17F

IL-10
TGF-B

Microbial killing

Parasite destruction

Bacterial and fungal destroyal

Induction of tolerance

Unlike genetic factors, epigenetic marks are reversible, allowing reprogramming after birth
by several factors, including nutrition, infection, stress, housing conditions,...
Nutrition-immunity cross talk through epigenetic regulation is now offering opportunities
for prevention and treatment of human diseases from chronic noncommunicable diseases
to brain and behavioural disorders. This now awaits application in the bovine system!

van Esch et al, Front. Immunol. 11:2141; 2020



DC polarization directed by type of micro-organism
that is recognised and the site of activation

Innate immunity Adaptive immunity

— Macrophage

Type 1 PAMPs and TFs
[FN-y
=== |FN-a

% o

Regulatory type PAMPs and TFs
IL-10

Immature or T :
Mature DC =il

Type 2 PAMPs and TFs
e histamine

S

Fibroblast

Mast cell

Mature DC



Chromatin PH NOT'PE
modifications and !‘ ks

o Non-genetic ‘inheritance’
remodelling events

Heterochromatin Euchromatin

Inactive genes histone  active genes

DNA methylation at CpGs \ varants  yypomethylated DNA
Hypoacetylated histones Hyperacetylated histones
H3K9me3 and H3K27me3

H3K4me3 and H3K36me3

| HMT: Histone methyitransferase
HDM: Histone demethylase

HAT: Histone acetyltransferase
Social Pathological HDAC: Histone deacetylase

= & DNA CpG methylation
Toxins Q) Histone methytation

| ‘“ 4
l.

Ic " L
3 3

etero-
hromatic

N

@8 Histone acetylation

Behavioural P Histone phgsphorylation

Physiologial




Factors Affecting
Bovine Microbiome
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Proposed links between the gastrointestinal tract microbiota and
different organ systems through the microbiome-gut-organ axes

1. Immune System B Pt
2. HPA Axis & CNS a

1 .Bloodstream
3.Vagus Nerve & ENS

2. Liver

1. Mucosal Layer
2. Mucosal Epithelium
3. SCFA

1. Dendritic Cells
2. Macrophages
3. Epithileal Cells

é MICroorganisms I/M\DPI
sanism \A

Review 2022, 10, 1391.
Utilizing the Gastrointestinal Microbiota to Modulate Cattle https://doi.org/ 185’7319309/1
Health through the Microbiome-Gut-Organ Axes microorganisms

Christina B. Welch *(, Valerie E. Ryman ‘2, T. Dean Pringle and Jeferson M. Lourenco 27



Probiotics modulate microbiota

composition and host functions = alaayas S
I Priming :
‘ Antimicrobial Immune system ‘ Mucus
activity production
IPVOdUCtiOﬂ SCFA Probiotics I Barrier function
ICompetiFion Luminal pH l
bacteria l Bacterial
adherence

Bulgarian yoghurt contains Lactobacillus bulgaricus and Streptococcus
thermophilus and regular consumption prevents “pollution” of the gut and
provides longer and healthy life (Eli Metchnikoff, Nobel prize 1908)

Probiotics: living micro-organisms that when administered in adequate
amounts and in active (life) form reach the gut, will provide a health-
promoting efect. (EFSA)




Supplementation with Lactobacillus

plantarum WCFS1 Prevents Decline

of Mucus Barrier in Colon of Front. Immunol. 7:408; 2016
Accelerated Aging Ercc1-/4” Mice

Adrigan A. van Beek'" Bruno Sovran®™, Floor Hugenholtz®%, Ban Mejer’,

Joanne A. Hoogerland', Vicleta Mihailova', Corine van der Ploeg’, Clara Belzer™®,
Mark W Boekschoten™®, Jan H. J. Hosimakers™, Wilbert P Vermeij', Pauwl de Wos®F,
Jarry M. Wells>%, Pister J. M. Leanen™, Claudio Nicoleth™", Rudi W. Hendrks™ and

Huub F J. Savelkoul™*

Old mouse

Old mouse plus probiotics
10 weeks, 3x per week



Conceptual relevance of gut-organ axis for health

Altered Microbiota
- o S
~*  Ppathogens ', o *L37  Genetic Suseptibility ngpq
— ¥~ (B
fl 4 Z : Enviornmental stress
g2 Highfatdiet it .S

A5 /Western diet . ':&' . Drugs/Antibiotics ".;

Damaged Enterocytes

2 fan N . 8
‘»,ﬂ'w i aalifiaf ‘u'm]‘_ )
LA \

| Loss of barrier integrity
' high membrane permability
Cytokine production

| | 1 |\
Immune response — @ ® { Y @ @

| Cellular delocalization/
: l Claudin expression l
Inflammatory diseases

IBD.s Leakage of endotoxins/metabolite Influx of immune cells
Ulcerative Colitis l ¢
Crohn,s Diseases Systemic infections

Hyperactivation of
‘ ‘ cell signaling

Metabolic diseases || Liver related disorders ‘
Diabetes NAFLD Cancer Progression
Obesity Liver cirrhosis 30

Ceilic Diseases |




Tissue specific homing of immune cells by
chemokines and their receptors

PSGL-1¢

a,B,

& ”
1,25(0H),D,

Baaten, Front Immunol. 2013
Van Splunter, Mucosal Immunology, 11 (4), 1254-1264, 2018
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A ¥ . Dysbiosis
X (increased pathogenic microbes)

‘» / ~ Respiratory mucosal immune system

Dysfunction of
mucosal barriers
(decreased AMPs, Mucin)

$

Mucosal Inflammation

5 L)

- — JCxCL1e ALC AEC
-9 M- ¥ 6O
, P @ — ez
Chase and Kaushik. LK cells
Vet Clin Food Anim Lneq sireny. Lung sheolus

35 (2019) 431-451
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Immune modulation during pregnancy

Peripartum
Pregnancy metabolic/immune stress

Early pregnancy ( Pest-paFtii
conceptus signaling oc\\
.. FOAEN
- &7 QOQ \\
)
PBMCs & &g ¥
platelets

Progesteron
IFN-T, lactogen, E2, MHCI, GATA,
prolactin-related protein, Cox-2and IL-6

NTh2 responses
4 Thl responses

1
Calving
\ JCDa+ @
\ J.CD8+ Sl
\ JyoT cells \((\ /‘7?’

',
A N Treg responses LNy 2 O
Immune organs RESER VS
and tissues N &

Vlasova AN and Saif LJ (2021) Bovine Immunology: Implications for Dairy Cattle

Front. Immunol. 12:643206. doi: 10.3389/fimmu.2021.643206 .



Immunity level

The immunity gap

NB: subject to colostrum

Calf lmmunity quality, quantity and

timing of first dose!

Immunity from — Improved immnity
L colostrum -~ from dietary IM in
the calf diet

Maternal
antibodies
Improved immunity

passed on by the dam

‘. «—— after IM during the dry
N

Acquired Immunity
(from environmental

exposure) N \perIOd
Calf antibodies ‘.
= 2 4 6 8 10 12

@ Weeks of age IE'c—o“"': - :

A calf is born with ll%lllll E

. . ae i Coronavirus: —— - . !

I zero immunity. ) _, r— — i
E : I’lcgcldldila#
Commondisease-causing IIIIIIillllllillllllilllllIilllll

Agriland Team, 2021 pathogens in calves 0 7 14 21 28

Age in days




Molecular and translational basis of

immunometabolism
Lactate g
(Secreted) Glucose
Aerobic GrI5P — -FLPP - Nucleotides
Glycolysis

Phospho-lipids

Citrate

co,
Glutamine

> Lipids

/
4
?
v
y
,
%
.
p
s
.
£
g

Aﬂ ) Larger glucose quantities
. - ~~ =>  Amino acids .
e / it Faster production of small
Pyruvate Acetyl-CoA amounts of ATP
// - Increased glycolytic flux
Ok,

Norata et al. Immunity 43:421; 2015
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Extracellular flux analyses reveal differences in mitochondrial PBMC
metabolism between high-fit and low-fit females

GlycoPER (pmol H*/min)

Huub F. J. Savelkoul,?

120+

g

8

8

&

Joélle J. E. Janssen,1:2

XF medium
or Con A
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Identification new natural resistance biomarkers in milk

Proteomics approach on milk proteins by Nano LC-MS/MS

Selected high and low disease resistant cows
NanolLC-MS/MS
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Commensal microbiome effects on mucosal
immune system development in the ruminant
gastrointestinal tract

Ryan Taschuk'*# and Philip ] Griebel'?*

Increasing use of mucosal vaccines to enhance immunity in new-born calves and
circumvent vaccine interference associated with passive transfer of maternal antibody

Induction of protective immune responses following oral or intranasal vaccination will be
influenced by the state of mucosal immune system maturation and activation at the time
of vaccination. The neonatal mucosal immune system is functional and responds to
vaccination

Use of bacterial vectors for oral vaccine delivery might interfere with the microbiome and
thus affect vector persistence and the amount of vaccine antigen expressed in the GIT

The activity of adjuvants incorporated into mucosal vaccines may be altered as the
microbiome modulates TLR expression by the mucosal immune system



Food modulates gut immunity at four distinct levels

Food ingredients

Level 1) Microbiota composition
and metabolites:
Lumen Outgrowth & adhesion pathogens
Gut microflora }
Level 2) Interaction with epithelia:
Cytokine production and barrier function
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Current perspectives on protective immunity
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Conclusions

e Mucosal tolerance is important for elimination of pathogens in the absence of an
epithelium-damaging inflammatory response.

e Dendritic cells regulate tolerance or immune activation by the induction and
expansion of regulatory T cells.

e Homing of gut-activated immune cells can occur within the common mucosal
immune system towards the upper airways, thereby, providing protection against
infections.

e Nutritional compounds can exert immunomodulatory activity by influencing
mucosal macrophages and dendritic cells.

e Nutritional compounds can exert innate immune training and thereby induce
enhanced innate immune responses and cross-reactive activity.

® Priming of the immune system in the mother to enhanced immune activity can
be (epigenetically) transferred to the offspring providing these with better immune
protection.

e Immunomodulation by dietary components is a feasible option to steer immune
competence and improved resistance.



