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Take-Home Message 

Mucosa! surfaces establish a barrier between the external environment and the internal body 
and function to interact with the immune system to maintain the health of the whole body. The 
gastrointestinal tract is the largest mucosa! surface of the body and is in a constant state of 
immune stimulation due to continual contact with dietary antigens and microorganisms. A rapid 
pro-inflammatory response is critical to initiate defense mechanisms against pathogens; 
however, just as critical is tight regulation of the immune response so that immune cell 
activation does not proceed unchecked. For livestock production the primary goal is maintaining 
mucosa! immune homeostasis which is a delicate balance between a healthy activated mucosa! 
immune system and an over-activated pro-inflammatory immune system. Research has begun 
to look more closely at the interaction between factors that affect gut immune stimulation such 
as microbial interactions and gut permeability. Although intestinal microbiota may improve 
animal digestive efficiency, the sheer abundance of microbiota in close proximity with intestinal 
tissues poses a health risk. As well, a permeable mucosa! barrier is essential for the gut to 
function as an absorptive organ but gut permeability similarly poses a risk to immune 
stimulation. A greater understanding of these interactions can be used to develop immune
specific strategies to improve overall animal health and productivity. 

Immune activation versus livestock production 

Mucosa! surfaces establish a barrier between the external environment and the internal body 
and function to interact with the immune system to maintain the health of the whole body. For 
livestock production, activation of the systemic immune system is undesirable because nutrients 
are directed away from saleable-tissues (i.e. milk, lean tissue) and catabolism of those tissues 
may be required to support immune system activation. The systemic immune response, once 
activated, is hypermetabolic and capable of causing protein malnutrition in a few days' time 
equivalent to that which could develop in a few weeks' time under starvation conditions (Long, 
1977). Excited macrophages utilize ATP at a rate comparable to heart muscle functioning at 
maximal capacity (Newsholme and Newsholme, 1989). One of the first responses to a systemic 
infection is reduced feed intake. This sepsis-induced anorexia may act to reduce the risk of 
further infection (Kyriazakis et al., 1998); however, tissue catabolism then becomes necessary 
to support the increased demands of mounting the immune response. For livestock production a 
quantifiable estimate of the metabolic cost of immune system activation on loss of saleable 
tissue is desired. Unfortunately, an accurate measure of the metabolic cost of maintaining a 
competent immune system is unlikely (Lochmiller and Deerenberg, 2000). Resting metabolic 
rate (Baracos et al., 1987), weight gain and protein accretion (Spurlock et al., 1997; Williams et 
al., 1997a), and tests of immune competence (Bayyari et al., 1997; Williams et al., 1997b) have 
all been used as surrogates to quantitatively estimate the metabolic cost of immune activation. 
A 33% increase in metabolic rate, assessed as heat production, was reported following 
endotoxin-induced fever and antipyresis in sheep (Bara cos et al., 1987) and in pigs, chronic 
immune system stimulation decreased body protein accretion 23% and increased serum alpha-
1-acylglycoprotein concentration 50% (Williams et al., 1997a,b). 
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Changes to livestock production systems (i.e. indoor production, age segregated housing, all-in 
all-out) and genetic selection have resulted in dramatic advances in animal growth and 
efficiency (i.e. lean growth, milk output). Simultaneously genetic improvements in productivity 
has inadvertently selected for reduced robustness or disease resistance (Qureshi and 
Havenstein, 1994; Bayyari et al., 1997; Knap, 2005) resulting in immune systems with a lesser 
capability for rapid response or lower maximal response capacity (Bayyari et al., 1997). In 
livestock production, immune activation is unavoidable; stressors associated with standard 
production practices (i.e. weaning, tail docking, or castration) and housing and environmental 
conditions activate the immune system and increase susceptibility to pathogen exposure. As 
such, a clear understanding of factors affecting immune activation and homeostasis is 
necessary to develop immune-specific strategies to improve overall animal health and 
productivity. 

A rapid pro-inflammatory response is critical to initiate defense mechanisms against pathogens; 
however, tight regulation of the immune response is necessary to ensure immune cell activation 
does not proceed unchecked. The gastrointestinal tract is the largest mucosa! surface of the 
body and is one of the first lines of defense to keep the systemic immune system inactivated. 
Due to continual contact with dietary antigens and microorganisms, the gut-specific immune 
system is in a constant state of immune activation in an effort to maintain homeostatic balance 
between pro- and anti-inflammatory immune responses (Turner, 2009); a nutrient expensive, 
but necessary, cost to maintaining a healthy animal. An organ system experiencing an activated 
immune response isn't typically considered in a healthy state but for the gut, a healthy immune 
system is one that is constantly activated minimizing systemic immune stimulation. 

The intestinal microbiota play an important role in nutrient digestion efficiency through 
degradation of undigested nutrients such as plant polysaccharides, which can be a source of 
nutrients for the host and the microbiome. However, the sheer abundance of microbiota in close 
proximity with intestinal tissues poses a health risk. Opportunistic invasion of host tissues by 
microbes stimulate the host immune response and can pose a significant health risk to the host 
(Hooper et al., 2012). Alternatively, development of a functioning gut immune system is 
dependent on interactions with intestinal bacteria (Round and Mazmanian, 2009). Germ-free 
animals are an excellent model to study the impact of microbial colonization on immune 
development. Phenotypic differences in immune development observed in germ-free animals, 
relative to conventionally-housed animals, include fewer Peyer's patches, plasma cells, and 
intestinal epithelial lymphocytes. A thinner lamina propria, fewer CD8+ cells with reduced 
cytotoxicity and fewer Treg cells with reduced suppressive capacity was also reported (Round 
and Mazmaniam, 2009). A homeostatic relationship is necessary to maintain a healthy balance 
between microbiota-host interaction and immune stimulation (Hooper et al., 2012). Under 
constant contact with dietary antigens and microorganisms the gut immune system controls 
exposure by minimizing contact through the synthesis of a mucus layer and by confining 
penetrant antigens and bacteria to intestinal sites and limiting their contact with the systemic 
immune system (Hooper et al., 2012). Dendritic cells, macrophages, secreted bacterial-specific 
lgA, and lymphocytes all act to confine penetrant antigens. 

For livestock production the primary goal is maintaining gut immune homeostasis which is a 
delicate balance between a healthy activated mucosa! immune system and an over-activated 
pro-inflammatory response. 
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The gut immune system 

The gut immune system is highly developed with a broad range of distinct components that act 
in concert to manage the continual pressure of microbial and antigen contact, including 
epithelial cells, tight junction proteins, the mucus and unstirred layer, antigen presenting cells 
(i.e. macrophages), lymph tissue, T- and B-cells, and cytokines. 

The intestinal epithelium provides a barrier against luminal commensal and pathogenic 
microorganisms and dietary antigens. A critical component of this barrier is the creation of 
selective mucosa! permeability through the use of mucus, an unstirred layer and tight junctions. 
Mucins secreted by intestinal goblet cells coat the apical membrane and reduce bulk fluid flow 
creating an unstirred layer which limits direct contact of large particles and bacteria with 
epithelial cells (Turner, 2009). It is suggested that this unstirred layer further acts to slow 
nutrient absorption and minimize the loss of nutrients that are released following digestion by 
brush border membrane enzymes due to diffusion into the intestinal lumen (Turner, 2009). 
Thickness of the mucosal layer can be an indicator of antigen exposure. Segregated early 
weaning was used as a means to improve piglet performance by minimizing exposure to 
antigens immediately post~weaning. Pigs weaned to an off-site nursery had a thinner intestinal 
mucus layer and greater digestive enzyme activity than pigs weaned to a conventional on-site 
nursery {Tang et al., 1999). Although a minimal mucus layer has not been established the role 
of mucin in disease development is being investigated (Heazlewood et al., 2008). 

A permeable mucosa! barrier is essential for the gut to function as an absorptive organ but gut 
permeability similarly poses a risk to immune stimulation. Tight junctions play an important role 
in regulating selective intestinal permeability. They are composed of a variety of proteins which 
function to maintain cell-to-cell proximity and intercellular communication (i.e. cadherin-1, ~
catenin) and to create pores through which selective permeability, based on size or charge, can 
occur (i.e. claudins, occludin; Turner, 2009). An increase in tight junction permeability increases 
antigen access to underlying mucosa! tissue leading to mucosal immune cell activation {Turner, 
2009). The release of pro-inflammatory cytokines such as TNF and IFNy play an important role 
in modifying tight junction barrier function (Turner, 2009) such that TNF-specific antibodies has 
been used as therapy to remedy barrier dysfunction in patients with Crohn's disease (Suenaert, 
et al. 2002). Production-associated factors (i.e. weaning, heat, and housing) can also negatively 
impact intestinal barrier function. For example, heat stress reduced intestinal barrier integrity 
based on increased endotoxin permeability and reduced transepithelial resistance (Pearce et 
al., 2013). Although increased tight junction permeability in the absence of other epithelial cell 
damage may not lead to a disease state (Turner, 2009), tight junction permeability does 
contributes to intestinal inflammation (Hollander, 1988). 

Like other immune systems of the host, the gut immune response includes both innate and 
adaptive responses with the innate response activating the adaptive response. Activation of an 
innate immune response occurs through the recognition of microbial-associated molecular 
patterns (MAMPs) found on commensal and pathogenic microorganisms (Didierlaurent et al. 
2002). Intestinal epithelial cells contain transmembrane receptor proteins called toll-like 
receptors {TLRs) that sense MAMPs, as well as dietary antigens, which stimulate secretion of 
antimicrobial proteins such as defensins and lysozymes by Paneth cells (Duerkop et al., 2009). 
It is unclear the exact mechanism used by epithelial cells to distinguish between commensal 
and pathogenic microorganisms but suggestions include monitoring the densities of MAMP 
concentration or bacterial density-dependent immune activation (Duerkop et al., 2008) and 
lower expression of TLRs associated with LPS recognition (i.e. TLR4) resulting in lower 
responsiveness to MAMPs than other mucosa! tissue (Didierlaurent et al., 2002). Another 
possible mechanism is though bacteria-directed immune responses. A gram-negative 
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commensal Bacteroides species stimulated the release of an anti-microbial peptide with 
specificity towards certain gram-positive bacteria rather than 'self-specificity' (Cash et al. 2006) 
suggesting that symbiotic bacteria may direct innate immune responses as a means of 
environmental protection (Round and Mazmanian, 2009). Macrophages, another innate immune 
cell, located in the lamina propria rapidly phagocytose and kill penetrant bacteria when microbial 
breach of the mucosal surface occurs (Duerkop et al., 2009). 

Highly orchestrated negative feedback loops between the innate and adaptive immune 
responses cooperate to regulate mucosal interactions with antigens (Duerkop et al., 2009). 
Dendritic cells (innate immune cells) sample the environment within the unstirred layer and 
along the apical epithelial surface, migrate to mucosal lymph tissue, interact with T- and B-cells 
and induce B-cell differentiated plasma cells to produce bacteria-specific lgA secreted into the 
intestinal lumen (Duerkop et al., 2009). Each B-cell is programmed to produce one antibody 
type targeted to a specific antigen. The T-cells differentiate into cell types (i.e. CD4+, CD8+) 
with different functions and cytokine patterns (Watzl et al., 2005). 

Immune homeostasis relies on a balance between pro-inflammatory responses to dietary 
antigens and bacterial products and anti-inflammatory negative feedback mechanisms. 
Increased paracellular permeability may allow dietary antigen or bacteria to enter the lamina 
propria where they are picked up by antigen presenting cells that results in the differentiation of 
effector T helper cells to T H1 or T H2 cells which trigger release of pro-inflammatory cytokines 
(TFN, IFNy, and IL-13) which can stimulate further paracellular permeability. Simultaneously, 
epithelial cells sense bacteria using MAMPs (i.e. lipopolysaccharide) through TLRs which 
stimulates release of pro-inflammatory cytokines (Duerkop et al., 2009). However, antigen 
presenting cells can promote up-regulation of regulatory T (T Reg) cell differentiation which 
release IL-10 and transforming growth factor-~, cytokines that act as negative feedback signals 
for production of T H1 cells. Through dendritic cell sampling of bacteria at the mucosal surface 
and migration to lymphoid tissue, lgA+ B-cells move to the lamina propria where bacteria
specific lgA is secreted and aids in inhibiting bacterial penetration (Duerkop et al., 2009). 
Epithelial cell damage triggers the release of epithelial cell-derived pro-inflammatory cytokines 
TGF and retinoic acid which also enhance T Reg cell differentiation (Turner, 2009) as a means to 
initiate epithelial cell repair mechanisms. In the healthy animal, T Reg cells are dominant over T H1 
or T H2 cells (Eison et al., 2005) allowing for a rapid, but controlled, gut immune activation and 
immune response homeostasis. The intraepithelial lymphocyte is an adaptive immune cell, 
located on the basolateral side of the epithelial tight junction that plays a critical role in 
maintaining immune homeostasis (Duerkop et al., 2009). They primarily consist of cytotoxic and 
suppressor T-cells that aid in removal of damaged epithelial cells and play a role in 
development of oral tolerance (Watzl et al., 2005). 

Nutritional modulation of the gut immune response 

Considering the need to maintain homeostatic balance of the gut immune system and the lower 
maximal response capacity in commercial livestock the question must be asked: what can be 
done to support the homeostatic metabolism of the gut-specific immune system such that in the 
healthy state the energetic cost to immune system activation is minimized but sufficient to allow 
a rapid, aggressive activation to eliminate the insult and return to a healthy state? 

Feed additives such as antibiotics, plant extracts, oligosaccharides, organic acids, and microbial 
fermentation products have all been studied for their potential to modulate the immune response 
or microbial populations in an effort to enhance animal growth. These additives may also have 
the potential to enhance basal immune function and potential for disease resistance. The exact 
mechanism of how these additives modulate the immune response is not known but three 
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primary mechanisms have been proposed: 1) specific bacterial-dependent modulation of 
cytokine and antibody production, 2) short-chain fatty acid production along with enhanced fatty 
acid binding to leukocyte receptors, and 3) interaction with leukocyte carbohydrate receptors 
(Watzl et al., 2005). One such additive that has received considerable attention, particularly for 
application to human nutrition and obesity prevention is resistant starch. Pigs fed resistant 
starch had increased circulating levels of the 3 main short-chain fatty acids, higher relative 
abundance of butyrate-producing microbial species and lower colonic cell expression of genes 
associated with adaptive and innate immune response pathways (Haenen et al., 2013). In cell 
culture butyrate suppresses lymphocyte proliferation, inhibits T H1 lymphocyte cytokine 
production and increases IL-10 production (Saemann et al., 2000) suggesting that dietary 
supplementation with butyrate may also provide immunomodulatory effects. The addition of 
sodium butyrate to weaned pig diets improved feed efficiency and increased stomach, but not 
small .intestinal or hindgut, butyrate concentration indicating the observed effect was not due to 
a direct effect of butyrate on the intestinal epithelium (Manzanilla et al 2006). Thus it is likely that 
the immunomodulatory effects of butyrate are more likely to be observed with the use of dietary 
additives that increase bacterial production of butyrate rather than supplementation with 
butyrate alone. For example, f3-glucans, fungal and plant cell wall polysaccharides, have 
immunomodulating action that may in part be regulated by a bacterial-dependent mechanism 
given that f3-glucans are typically considered indigestible carbohydrates fermented by intestinal 
microbes (Xu et al., 2013). In chicks, supplementation with f3-glucans improved macrophage 
proliferation, greater antibody production, more persistent hypersensitivity response, and higher 
percentage of CD4+, CD8+, and CD4+/CD8+ intraepithelial lymphocytes (Guo et al., 2003). 
· Phagocytic cells express carbohydrate receptors sensitive to f3-glucans that can activate 
cytotoxic reactions (Watzl et al., 2005) suggesting multiple modes of action for f3-glucans 
modulation of the immune response. 

A major challenge with understanding the immune response in relational to nutritional 
modulation is concluding whether the observed response is negative or p9sitive relative to 
overall host immune status because the cells involved in immune activation are also cells 
involved in maintaining homeostasis (Brown et al., 2006). An increase in T helper cells (i.e. 
CD4+) and MHC class II bearing cells is suggested to indicate an increase in presentation of 
foreign antigens, subsequent cytokine production and hence cellular and humeral immune 
activation (Tonegawa, 1985; Matis, 1990). However, the population of CD4+, CD8+, and CD25+ 
cells in jejunal tissue was greater in segregated early weaned pigs relative to conventionally 
weaned pigs (Brown et al., 2006). The authors conclude that although this would suggest the 
jejunal epithelial cells of the SEW pigs encountered more antigen the increase in CD4+ and 
CD8+ T cells may indicate greater development of oral tolerance through T H3 cell 
(CD4+CD25+) production of interleukin-4 and TGF-f3, cytokines involved in down-regulation of 
the immune response (Mowart and Weiner, 1999). A further complication is that a vast array of 
cell types are involved within a given immune response but evaluation methods often involve 
assessment of a few specific cell types which may result in apparently contradictory responses. 
For example, in a line of turkeys selected for superior weight gain total blood lymphocyte 
numbers and toe-web hypersensitivity response to phytohemagglutinin-P (PHA-P) was lower 
but lymphocyte mitogenic activity to PHA-P was higher compared to a randombred control line 
(Bayyari et al., 1997). The authors concluded the lack of correlation between hypersensitivity 
response and mitogenic activity may reflect the different aspects of cellular immune response 
measured by each test. Similarly, the higher antibody production and percentage of activated T
cells in chicks supplemented with f3-glucans may appear to indicate an immune challenge and 
hence a negative effect of f3-glucan supplementation (Guo et al., 2003). However, in the 
absence of differences in growth performance the response may imply an improved baseline 
immune status such that chicks supplemented with f3-glucan have a greater capacity to resist a 
disease challenge. Another challenge in understanding, or evaluating the gut immune response, 
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is that under different conditions, an ingredient that is considered immunogenic in the gut may 
provide immune protection or aid in minimizing a response to antigen. For example, glycinin, the 
major storage protein in soybeans, induces intestinal inflammatory response and transient 
hypersensitivity, including increased mucosa! mast cell number and intestinal lgE antibodies in 
young pigs (Li, et al., 1990; Sun et al., 2008). As such, in practical diet formulation inclusion of 
soybean meal (SBM) in nursery diets is typically kept below 20% to minimize the risk of 
intestinal inflammation and risk of diarrhea. However, nursery pigs fed diets containing 2S% 
SBM had lower serum PRRS virus load, haptoglobin, and tumor necrosis factor-a and greater 
growth than pigs fed diets containing 17.5% SBM during a PRRS infection suggesting dietary 
SBM modulated the systemic immune response (Rochelle et al., 2014). This apparent 
immunogenic protection conveyed by SBM in a disease state is a recent development and the 
relationship between the gut response to SBM and systemic immune modulation is unknown. 

The gut immune system is complex in its ability to regulate pro- and anti-inflammatory 
responses with a vast array of highly integrated cellular components. As a result, interpretation 
of in vitro and in vivo immune responses can be difficult. Correlating cellular immune responses 
with whole body responses will improve data interpretation and application of results to practical 
feeding strategies. Continued assessment of the interaction between dietary components, 
immune system metabolism, and animal performance is necessary for the development of 
immune-specific strategies to improve overall animal health and productivity. 
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