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12.1 Introduction

In modern, high-density production systems, swine are challenged by pathogenic
microorganisms—bacteria, viruses, and parasites that can cause infectious disease
or pathology, especially for neonatal and weaned piglets (Zhang et al. 2012; Ren
etal. 2012). In these latter, immune system is not well developed in the first 4 weeks
of life (Yang and Schultz 1986). Amino acids have been demonstrated to play
important roles in immune responses by regulating (1) the activation of T
lymphocytes, B lymphocytes, natural killer cells, and macrophages; (2) cellular
redox state, gene expression, and lymphocyte proliferation; and (3) the production
of antibodies, cytokines, and other cytotoxic substances (Li et al. 2007b; Kim et al.
2007). A number of studies have showed that dietary specific amino acids
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supplementation to pigs with malnutrition and infectious diseases enhance the
immune status, thereby reducing morbidity and mortality (Ewaschuk et al. 2011;
Johnsona et al. 2006; Liu et al. 2008; Han et al. 2008; Tan et al. 2009; Ren et al.
2012a, b). In this chapter, functions of amino acids in regulating the immune system
and the amino acids requirements of immune system are described, in the hope of
providing great promise in improving health and preventing infectious diseases in
animals and humans.

12.2 Porcine Immune System

The two primary immune responses to microorganisms and their antigens are
generated by the innate and acquired or adaptive immune systems. The two
immune systems interact intimately and fulfill the different needs of the host to
control microorganisms. Innate immunity of pigs consists of the similar
components described for other mammals. The effector functions are realized
through two major mechanisms: (a) the recruitment and activation of cellular
components, including macrophages, neutrophils, natural killer (NK) cells, and
dendritic cells (DCs) and (b) the release of a broad spectrum of extracellular
mediators such as cytokines, chemokines, complement, and antimicrobial peptides
(AMPs). The cells of the immune system include the myeloid cells, monocytes,
macrophages, dendritic cells, neutrophils, eosinophils, basophils and lymphocytes,
of which there are two major types, the B and T lymphocytes. B cells and T cells
are responsible for humoral and cell-mediated immunity, respectively, which sum
to form adaptive immunity. The porcine immune system differs in many aspects
from that of humans and mice, including morphological differences in the lym-
phatic system, and phenotypic differences in immune cells as well as functional
differences in immune cell populations (Rothkotter et al. 2002). Unlike other most
species, the lymphocytes enter into the lymphoid organs through the lymphatic
vessels and exit directly into the blood in the pig. These differences might
contribute to the predisposition to and outcomes of bacterial infections such as
Salmonella serovars (Scharek and Tedin 2007).

The gastrointestinal tracts (GITs), one of the largest immunological organs of
the body, contain greater than 10'* lymphocytes and has a greater concentration of
antibodies than any other site in the body (Mayer 2000). With respect to immune
function within the GITs, it may be equally important to achieve a homeostatic
balance between immune tolerance and immune responsiveness (Artis 2008). The
mucosal immune system is adequately equipped to generate a protective immune
response directed at harmful pathogens, but it also has the capability to be tolerant
of the ubiquitous dietary antigens and normal microbial flora while maintaining the
ability to permit the absorption of nutrients. Therefore, the development of the
gastrointestinal immune system is important for establishing an effective immuno-
logical response to a diverse milieu of dietary and microbial antigenic components
(Brandtzaeg and Pabst 2004; Burkey et al. 2009).
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The neonatal piglets have little active mucosal immune system with the low
level of peripheral lymphocytes, underdeveloped lymphoid nodes, rudimentary
jejunal Peyers patches, and the low numbers of effector/memory immune cells
(Blecha 2001). Changes in activation of immune system by antigenic stimuli by
commensal microbial flora, pathogens, and environmental influences result in the
appearance of conventional, activated T and B cells and the influx and expansion of
mucosal immune cells and those in the peripheral lymphoid pool (Sinkora et al.
1998, 2005). Piglets receive the passive immunity via colostral immunoglobulins
intake. As time progresses up to weaning, the active mucosal system gradually
gathers the ability to generate its own antibody molecules in the gut wall. In the first
2 weeks of life, the intestine rapidly becomes colonized with lymphoid cells.
Between 14 and 28 days of age, the intestinal mucosa becomes colonized with
CD4* cells, and CD8" cells begin to appear at 35 days age. The immunological
architecture of piglet cannot be considered fully mature until 7 weeks of age
(Sinkora and Butler 2009). In commercial practice, piglets are weaned at 3—4
weeks of age, and this results in an increased susceptibility to bacterial infection
and acute diarrhea and high mortality rates. The obvious increase of the numbers of
CD2* leucocytes was observed in the intestine (Dréau et al. 1995), and piglets
showed reduced ability to react to the lymphocyte mitogen phytohemagglutinin
after weaning. With the reduction of IL-2 secreted from systemic T cells, produc-
tion of specific antibody was also reduced (Butler et al. 2002; Sinkora et al. 2000).

12.3 Amino Acids Metabolism by Cells of the Immune System

The utilization of amino acids by immune cells plays an important role in the
function of the immune system (Curi et al. 1997). Glutamine utilization has been
linked to functional activities of immune cell function such as cytokine production,
nitric oxide production, superoxide production, and phagocytosis. Many of cells of
the immune system including lymphocytes, macrophages, and neutrophils utilize
glutamine at high rates, which is related to the specific function of these cells in the
inflammatory response (Curi et al. 1997, 1999; Wu et al. 2007; Wang et al. 2008;
Newsholme et al. 1999; Ren et al. 2013). Therefore, glutamine had to be present at
10- to 100-fold in excess of any other amino acid in culture and cannot be replaced
by glutamic acid or glucose. Although the activity of the first enzyme responsible
for the metabolism of glutamine, glutaminase, is high in these cells, the rate of
oxidation is low. Much of the glutamine is converted to glutamate, aspartate,
lactate, and in appropriate conditions to CO, (Newsholme 2001). Koch et al.
(1990) demonstrated that glutamine provides N- and C-atoms required for the
synthesis of macromolecules and energy while leucine provides more precursors
for incorporation into protein in peripheral lymphocytes.

Cell culture studies have showed that BCAA are absolutely essential for
lymphocytes to synthesize protein, RNA, and DNA and to divide in response to
stimulation (Calder 2006). Immune cells are able to incorporate BCAA into proteins
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and oxidize BCAA (Calder 2006; Burns 1975). Walrand et al. (2004) reported that
leucine incorporation into immune cell proteins was linear over time with a compa-
rable slope. Incorporation of isoleucine into proteins by lymphocytes is greatest,
followed by eosinophils, and then by neutrophils (Burns 1975). Immune cells
express branched chain alpha keto acid dehydrogenase and decarboxylase activities
and so can oxidize BCAA. Lymphocytes take up and oxidize leucine and isoleucine
in vitro (Calder 2006). Mitogen stimulation of lymphocytes increases leucine trans-
port by 270 %, leucine transamination by 195 %, and leucine oxidation by 122 %
(Koch et al. 1990). Isoleucine is oxidized by neutrophils and lymphocytes through
the Krebs cycle after decarboxylation and lymphocytes are able to oxidize isoleucine
eight times more rapidly than neutrophils (Burns 1975). In a B cell line, the pattern
of uptake of all three BCAAs through the cell cycle is the same, and the order of the
rate of uptake is leucine, isoleucine, and valine (Glassy and Fur long 1981).

Another important immuno-enhancing amino acid, arginine, is metabolized
either by inducible nitric oxide synthases (iNOS) or by arginase 1 in immune
cells. These enzymes are stimulated by T helper 1 or 2 cytokines, respectively. In
the absence of immune stimulation, little arginine is used by immune cells due to a
lack of expression of major arginine metabolizing enzymes, iNOS and arginase 1
(Bernard et al. 2001). Myeloid cells expressing arginase 1 are described in a growing
number of disease processes, prominently in cancer, autoimmune diseases, and in
graft vs. host disease (Bronte and Zanovello 2005; Rodriguez et al. 2005; Serafini
et al. 2006; Popovic et al. 2007). The accumulation of arginase 1-expressing myeloid
cells in spleens in mice after surgical trauma has also been observed (Makarenkova
et al. 2006). Myeloid suppressor cells (MSC) efficiently deplete arginine and
generate ornithine. Arginase 1 expression is also detected in mononuclear cells
after trauma or surgery. Unlike arginase 1, iNOS is regulated by opposing stimuli.
It has been shown that inflammatory stimuli induce the expression of iNOS in
myeloid cells and other cell types (Hibbs 1991; Popovic et al. 2007; Johansson
et al. 2002, 2010). iNOS can be induced in response to various cytokines such as
IL-1, TNFa, and IFNy, or bacterial products such as LPS. In vivo, IFNy is the most
potent and prevailing inducer of iNOS (Johansson et al. 2002). iNOS exerts a
regulatory effect on arginase activity through the production of hydroxy-L-arginine,
an intermediate product in the generation of NO. Arginase 1 in turn regulates NO
through depletion of arginine availability (Morris 2004). Neither iNOS nor arginase
1 is induced in T lymphocytes, which represents a marked difference between these
cells and myeloid cells. T lymphocytes depend on arginine for proliferation, -chain
peptide, and T cell receptor complex expression.

12.4 TImpact of Amino Acids on Immune Function: Pig Studies

Amino acids affect immune system function usually through actions at several
levels in the gastrointestinal tract, thymus, spleen, regional lymph nodes, and
immune cells of the circulating blood (Cunningham-Rundles 2002). The regulation
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of amino acids on the immune function can be considered from two perspectives,
namely, the enhancement of the immune response that protects individuals from
infections and malignant neoplasms and the reduction of over-responses such as
inflammation and autoimmunity (Yoneda et al. 2009). The roles of glutamine,
arginine, threonine, methionine, cysteine, and tryptophan in enhancing the immune
function in pigs have been well established (Johnsona et al. 2006; Ewaschuk et al.
2011; Tan et al. 2008; Li et al. 2007b; Wang et al. 2006; Grimble 2006; Le Floc’h
and Séve 2007).

Glutamine is required to support optimal lymphocyte proliferation and production
of cytokines by lymphocytes and macrophages (Wu 1996; Yoo et al. 1997; Yu et al.
2002; Calder and Yaqoob 1999). Adding glutamine to the weaning diet of pigs
significantly modified immune cells in the mesenteric lymph nodes, in a potentially
beneficial manner by preventing an increase in antigen naive CD4+ cells, increasing
the proliferative response to pokeweed mitogen, and supporting a Th-1 type cytokine
response after T cell stimulation (Johnsona et al. 2006). Glutamine is preferentially
metabolized by the intestinal mucosa and by lymphocytes. As a precursor for
glutathione (GSH) it helps maintain the antioxidant status of cells, improving the
gut barrier function against bacterial infection. So glutamine supplementation is
useful in reducing early steps in weaning-related gastrointestinal infections
(Ewaschuk et al. 2011; Liu et al. 2002). Intestinal tissue from control, but not from
Gln-supplemented, pigs responded to Escherichia coli with a significant increase in
mucosal cytokine mRNA (IL-1p, IL-6, transforming growth factor-f3, and IL-10) and
a decrease in tight-junction protein expression (claudin-1 and occludin) (Ewaschuk
et al. 2011).

As a precursor for nitric oxide and polyamine synthesis, arginine profoundly
influences immune function (Kelly et al. 1995; Wu and Meininger 2002). Arginine
has been demonstrated to exert beneficial effects on pregnant sows (Kim et al.
2006) and weaned pigs (Tan et al. 2009), on LPS-immunostimulated pigs (Liu et al.
2008), and on cyclophosphamide-immunosuppressed pigs (Han et al. 2009). This
amino acid reduces morbidity and mortality in response to infectious pathogens.
Administration of arginine increased thymus size, weight and cellularity, enhanced
lymphocyte proliferation in response to mitogen and alloantigen, augmented
macrophage and natural killer (NK)-cell-induced lysis of tumor cells, and increased
IL-2 production by lymphocytes and receptor activity (Han et al. 2009; Kim et al.
2006; Tan et al. 2009). Arginine supplementation improves the development of
digestive tract, prevents intestinal villous atrophy, and decreases the expression of
intestinal pro-inflammatory cytokines, thereby enhancing the mucosal immune
status in early-weaned piglets and alleviating mucosal injury of LPS-challenged
pigs (Liu et al. 2008; Tan et al. 2008).

Threonine plays an important role in the production of antibodies and in providing
overall immune system support. A significant part of the threonine intake is utilized
by the gut itself and is used for the synthesis of endogenous secretions, particularly
mucus, which is important to maintain the gut barrier. Threonine supplementation
can regulate the innate immune function of IPEC-J2 cells infected with Pseudorabies
Virus at molecular level, and can inhibit expression of genes corresponding to IL-1p,
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TNF-a, and TGF-B1, but enhance expression of gene corresponding to IL-6 and
IL-15, while the effects were found to vary with time (Han et al. 2012). Dietary
supplementation with threonine also has been demonstrated to promote serum levels
of IgG in sows (Cuaron et al. 1984) and increase antibody production, serum IgG
levels, and jejunal mucosal concentrations of IgG and IgA, while decreasing jejunal
mucosal concentrations of IL-6 in young pigs challenged with E. coli (Li et al. 1999;
Wang et al. 2006).

Sulfur amino acids, methionine and cysteine, have indeed been shown to be
beneficial for the immune system, aside from their role in protein synthesis
(Grimble 2006). Additional dietary intake of methionine plus cysteine can reduce
the adverse effects of immune system stimulation on whole body protein deposition
in growing pigs, and probably accelerates the recovery (Litvak et al. 2011). Dietary
supplementation with N-acetylcysteine (a stable precursor of cysteine) is highly
effective in enhancing immune functions under various disease states (Geudens
et al. 2008; Grimble 2001). However, improvement of immune function in pigs
challenged with aflatoxin was not observed with supplementation of 0, 0.15, 0.30,
or 0.45 % methionine to a basal diet containing 0.33 % methionine (Van Heugten
et al. 1994). Methionine and cysteine are precursors of important molecules and
important for intestinal mucosal function. We recently demonstrated that a sulfur
amino acid-free diet administered enterally to piglets for 7 days led to a reduced
intestinal mucosal growth associated with villus atrophy, reduced epithelial cell
proliferation, lower goblet cell number, and diminished small intestinal redox
capacity (Bauchart-Thevret et al. 2009).

Tryptophan plays an important role in the defense of the body and immune
response modulation (Moffet and Namboodiri 2003; Le Floc’h and Séve 2007), in
relation with the kynurenine pathway. In pigs, Melchior et al. (2004, 2005) showed
that this metabolic pathway is involved in tryptophan metabolism disturbances
associated with an inflammatory response. Pigs suffering from lung inflammation
had lower plasma tryptophan concentrations and higher IDO activity in lungs and
associated lymph nodes, than pair-fed healthy control piglets (Le Floc’h et al. 2004;
Melchior et al. 2004, 2005).

12.5 Amino Acids Requirements to Optimize Immunity

A deficiency of dietary protein or amino acids has long been demonstrated to impair
immune function and increase the sensitivity of animals to infectious challenges or
stressful conditions (Le Floc’h et al. 2004). For example, deficiency of branched
chain amino acids and of arginine + lysine increased splenocyte proliferation, but
sulfur amino acid deficiency decreased splenocyte and lymphocyte proliferation
(Konashi et al. 2000). The study with piglets has shown that threonine deficiency
caused higher nitrogen excretion, blood urea, and lower number of acidic mucin-
producing goblet cells in the small intestine (Wang et al. 2007). Dietary supple-
mentation with amino acids beyond their requirements for growth deposition might
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thus be useful depending on environmental conditions particularly during periods
of stress and when the immune system is challenged (Reeds and Jahoor 2001).

It is now clear that immune system stimulation (ISS) can cause morphological
and physiological changes in the gastrointestinal tract and impact nutrient utiliza-
tion in pigs (Le Floc’h et al. 2004; Mani et al. 2012). During immunological stress,
amino acids are redistributed away from protein production towards tissues
involved in inflammation and immune response (Bruins et al. 2000, 2002; Webster
et al. 2002). They are used for the synthesis of inflammatory and immune proteins,
to support immune cell proliferation, and for the synthesis of other compounds
important for body defense functions (Le Floc’h et al. 2004; Webster et al. 2002).
Immune activation appears to alter glutamine and arginine metabolism. Bruins et al.
(2000) and Deutz et al. (1992) have shown that surgery and endotoxemia induced
by LPS injection results in an increase in glutamine efflux from the hindquarter and
intestine and in glutamine uptake by the liver and spleen. During the peak of an
immune response, the requirement for those nonessential amino acids (glutamine,
arginine, cysteine, and so on) increases 2- to 3-fold (Wilmore and Shabert 1998;
Pond and Newsholme 1999), becoming, at least potentially, limiting (Reeds and
Jahoor 2001). ISS does not change the apparent ileal digestibility (AID) of amino
acids but alters the partitioning of sulfur amino acids in favor of nonprotein body
stores in growing pigs (Rakhshandeh et al. 2010). These findings reflect an
increased need for dietary sulfur amino acids to support the immune response
during immune system stimulation in growing pigs (Rakhshandeh et al. 2010). In
pigs injected with turpentine, fibrinogen plasma concentrations increase by 30 %
and fibrinogen synthesis increases by 140 % (Jahoor et al. 1999). And in pigs with a
lung inflammation induced by intravenous injection of complete Freund’s adjuvant,
plasma tryptophan concentrations declined for 10 days. Therefore, the increase in
protein synthesis may require a great quantity of tyrosine, phenylalanine, and
tryptophan (Le Floc’h et al. 2004; Melchior et al. 2004, 2005). Li et al. (1999)
reported that although maximum growth rate of 17-31 kg pigs occurred at a dietary
threonine level of 6.8 g kg™, higher threonine levels were needed to maximize
humoral antibody production and IgG levels. To optimize immunity of 10-25 kg
pigs, 6.6 g per day of true ileal digestible threonine should be fed (Wang et al.
2006). Li et al. (2007a) showed that the ideal amino acid pattern of lysine/methio-
nine/threonine/tryptophan on the digestible basis was 100:27:29:59 for 10 kg pigs
under immune stress and 100:30:21:61 for piglets under normal conditions.
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