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Salmonella infection of the chicken is important both as a source of foodborne human sal-
monellosis and as a source of disease in the chicken itself. Vaccination and other control
strategies require an understanding of the immune response and as such have been impor
tant in understanding both mucosal immunity and more generally the response to bacterial
infection. In this review, we discuss the contribution the study of avian salmonellosis has
made to understanding innate immunity including the function of phagocytic cells, pattern
recognition receptors, and defensins. The mucosal response to Salmonella infection and its
regulation and the contribution this makes in protection against infection and persistence
within the gut and future directions in better understanding the role of T4 17 and Tregs in this
response. Finally, we discuss the role of the immune system and its modulation in persis-
tent infection and infection of the reproductive tract. We also outline key areas of research
required to fully understand the interaction between the chicken immune system and Sal-
monella and how infection is maintained in the absence of substantive gastrointestinal
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disease.
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INTRODUCTION

Salmonella enterica has a close relationship with the chicken, as
poultry meat and eggs are regarded as the most important source
of human foodborne infection (1). Furthermore, host-adapted
serovars of Salmonella are important worldwide pathogens of the
chicken causing the fowl typhoid and pullorum disease (2). As a
consequence, S. enterica is the most studied bacterial pathogen in
the chicken, not as in the case of the mouse and other biomedical
models to determine the mechanisms of infection and immunity
related to human disease, but with a specific focus on its control
in the poultry industry. As such the development of vaccines and
potential immunotherapeutic agents and studies based on under-
standing the transmission and carriage of Salmonella have been
critical to our understanding of the function of the avian immune
system.

Avian salmonellosis can be broadly divided into two main types
based on infection biology. The majority of broad-host range S.
enterica serovars are capable of infecting the chicken, usually lead-
ing to a period of colonization of lower gastrointestinal tract. In
some serovars, notably S. Typhimurium and S. Enteritidis, this may
be accompanied by a low-level systemic infection that is resolved
through cellular immunity within two-to-three weeks (3, 4). Col-
onization is usually accompanied by activation of inflammatory
responses in the ileum and the two large blind caeca that branch
off at the junction of the colon and ileum (5, 6). Although infec-
tion with these serovars can lead to systemic disease in chicks
or immunocompromised animals, in healthy immunocompetent
animals of a week of age or more, infection leads to little or no signs

of disease. In contrast are the two adapted serovars S. Gallinarum,
the cause of fowl typhoid, and S. Pullorum, the cause of Pullorum
disease (2). These serovars lead to a systemic infection, often with
high levels of morbidity and mortality (7) Unlike the broad-host
range serovars invasion via the gut is not accompanied inflam-
mation allowing the establishment of systemic infection while
avoiding activation of immunity (6, 8, 9). This avoidance of innate
activation has been termed “stealth infection” and is also employed
by Salmonella Typhiin human beings (10). Colonization of the gut
by avian-adapted serovars is also poor, largely as a consequence of
“functional genomic shrinkage” with the loss of genes or accu-
mulation of pseudogenes leading to a reduced metabolic capacity
forcing them into a systemic intracellular lifestyle (11). As in mam-
malian models of infection, Salmonella invade and persist within
macrophages and dendritic cells, and, as in mice, the progression of
infection is to a large extent dependent on the susceptibility of the
animal (9). In experimental fowl typhoid in a susceptible chicken,
infection rapidly becomes disseminated leading to septicemia (5).
In resistant animals, infection is better controlled by macrophages
and eventually cleared via adaptive responses. S. Pullorum is gen-
erally a less virulent pathogen of the chicken, but can lead to a
persistent systemic infection or carrier state that can in turn lead
to infection of the mature reproductive tract of the hen (12). The
stages of infection in avian salmonellosis and interactions with the
immune systems are summarized in Figure 1.

The diversity of interactions with the host by S. enterica in the
chicken, in both in terms of the tissues and cell types involved
and the steps taken by the bacterium to avoid and manipulate the

www.frontiersin.org

October 2014 | Volume 5 | Article 482 | 1


http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/about
http://www.frontiersin.org/Journal/10.3389/fimmu.2014.00482/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2014.00482/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2014.00482/abstract
http://www.frontiersin.org/people/u/136565
mailto:paul.wigley@liv.ac.uk
http://www.frontiersin.org
http://www.frontiersin.org/Microbial_Immunology/archive

Wigley

Salmonella immunology in the chicken

Systemic response

Infection via faecal-oral route

*  Attachment and invasion of
intestinal epithelium

*  Activation of innate immune
response through action of
bacterial effector proteins and
host recognition (TLR 4, 5 &
21)

*  Pro-inflammatory CXC
chemokine response leads to
influx of heterophils

*  Damage to intestinal
epithelium but activation of
response

locus

adapted serovars

antibody response

e Translocation to spleen and liver

e Establishment of intracellular
infection in macrophages

*  Macrophage activation and
antimicrobial activity related to
genetic resistance encoded by SAL1

¢ Initiation of cellular response-key
role in IFN-y by y& T cells

* Immunomodulation though up-
regulation of T,2 response by avian

¢ Development of IgM and IgY

Death

* Uncontrolled replication in
macrophages of susceptible birds
leading to bacteriaemia

Clearance

« Systemic clearance at 2-4 weeks

post infection by both cellular and

antibody responses

Intestinal clearance 3-12 weeks

dependent on T,,1 response

* Depletion of antibody through
bursectomy has no effect on
clearance

*  Host-adapted serovars (S.

Gallinarum & S. Pullorum)
invade via ‘stealth’ infection-
little or no activation of innate

Gastrointestinal Response

response * Initial inflammatory response .
¢ Absence of flagella in adapted regulated by regulatory T cells

serovars avoids TLR5 * Role of T,;17 response in maintaining

recognition & targeting of gut integrity?

lymphoid tissue (caecal ¢ Mucins and gallinacins limit infection

tonsils) ¢ Secretory IgA response

* Salmonella persistence within lower
intestinal tract (caeca)

=

Persistence

Intracellular persistence within

macrophages by adapted

serovars

¢  Recrudescence of infection in
hens following
immunosuppression due to a
drop in CD4* cell numbers at
sexual maturity

FIGURE 1 | A summary of the major interactions between Salmonella
enterica and the chicken immune system. During avian salmonellosis initial
interactions between pathogen and host innate immunity occur in the
intestinal epithelium. Progression of infection and the related immune
response is related to the infecting serovar or strain and to the host-genetic
background. Salmonella is frequently invasive in chickens leading to both
systemic and mucosal responses. Typically, in resistant animals systemic

Initial Infection Establishment of Infection

infection is transient and cleared by the adaptive immune response. However,
in susceptible animals where macrophages fail to limit infection, a
disseminated infection resulting in death can occur. Clearance from the
intestinal tract may take a number of months and is associated with cellular
responses. Systemic persistence leading to a carrier state may occur, in
particular with S. Pullorum with bacteria persisting in low numbers for the
lifetime of the bird.

immune system has revealed many similarities between the mam-
malian and avian systems that broadly function in the same way
when challenged by Salmonella, yet there are a number of, some-
time subtle, differences that reflect 200 million years of divergent
evolution.

MAJOR DIFFERENCES BETWEEN THE AVIAN AND
MAMMALIAN IMMUNE SYSTEMS — A BRIEF OVERVIEW OF
A COMPACT IMMUNE SYSTEM

Functionally the immune system of the chicken behaves much the
same way as that of mammals, perhaps reflecting a common ances-
try. “Chickens are not feathered mice.” a comment made by Jim
Kaufman, a leader in the field of avian immunogenetics, clearly
illustrates that there are key structural and functional differences
found between the classes. Generally, the chicken immune system
is more compact, with less polymorphism in its receptors and all
but the IL-15 multigene family having fewer members than its
murine equivalent. This is perhaps most clearly illustrated by the
MHC Class I of the chicken, which has only two alleles with one
dominantly expressed, leading to it being termed the “minimal
essential MHC” (13). The chicken has only three immunoglob-
ulin classes IgG (or 1gY), IgM, and IgA and no IgG subclasses.

Although the chicken TCR is considered to be less polymorphic
there are two variants of af T-cells termed TCR1 and TCR2 along
with y3 cells, which, interestingly, are found in greater numbers in
the chicken. Toll-like receptors also have the same broad structure
and function as mammals and recognize a similar array of ligands,
though differences are found perhaps most markedly the absence
of TLRY, which is replaced functionally by TLR21 (14), and the
presence of TLR15, which has no known equivalent in mammalian
systems (15). A comprehensive description of the avian immune
system can be found in the recently published 2nd edition of ‘Avian
Immunology’ (16).

INTERACTION WITH THE INNATE IMMUNE

SYSTEM - INFORMING PHAGOCYTE FUNCTION,
INFLAMMATION, AND TOLL-LIKE RECEPTORS

Salmonella usually infects chickens via the fecal-oral route with
spread from the intestinal tract primarily at the distal ileum and
caeca of the bird (1). Invasion is an inflammatory process leading
to expression of proinflammatory cytokines and the chemokines
CXCLil and CXCLi2, considered the equivalent of mammalian
IL-8 (5, 6, 17, 18). This in turn leads to an influx of heterophils
and monocytic phagocytes to the gut resulting in inflammation
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and damage to the gut including fusion and flattening of the villi.
Despite this enteropathogenic response, diarrheoa rarely occurs.
While the bacterium itself induces cellular changes and inflam-
mation through secreted effectors via its SPI1 Type III secretion
system, recognition of flagellin through TLR5 appears to be the
key event in the process (19). This is well illustrated by the fact
that the non-flagellate avian-adapted serovars cause little inflam-
mation during epithelial invasion in vitro or in vivo (9, 20), and
that mutations in the flagellin gene of Salmonella Typhimurium
lead to a more rapid invasion with lower initial levels of inflamma-
tory signal (9, 19, 20). Indeed, this may be an evolutionary feature
of adaptation to the avian host.

The consequence of activation of innate immunity is an
influx of heterophils, the avian polymorphonuclear cell, and
macrophages to the intestine. While these can lead to inflamma-
tory damage, they also largely limit invasive disease. Our under-
standing of the biology and function of heterophils is almost
entirely based on Salmonella infection studies. Depletion of het-
erophils changes S. Enteritidis from a gastrointestinal infection
to a systemic infection illustrating their critical role in early
immunity (21). Heterophils possess an array of TLRs (22), are
efficient phagocytes, and can produce extracellular traps to facili-
tate this process (23). Unlike mammalian neutrophils, heterophils
rely more on antimicrobial peptides as a bacterial killing mecha-
nism (24) and although they produce nitric oxide and oxidative
responses to Salmonella they lack the myeloperoxidase path-
way (25). The study of the interaction of Salmonella with pri-
mary cultures of heterophils along with primary and continuous
macrophage lines has been critical in our understanding of pattern
recognition receptors in the chicken, including TLR5 as described
above. Perhaps this is most clearly seen for TLR4 where variation in
macrophage responses to S. Typhimurium challenge has identified
both differences in levels of TLR4 expression and polymorphism
in the receptor sequences between chicken lines. This suggests
that responsiveness to LPS in chicken, which is frequently much
lower than in mammals, is governed by variation in both levels
of expression of the receptor and in the structure of the recep-
tor itself (26, 27). Chicken TLR21 has no mammalian equivalent,
though functionally it mirrors mammalian TLR9 in recognition
of unmethylated (or CpG) DNA sequences. Much of our under-
standing of the response to CpG motifs has come through attempts
to develop these sequences as immunostimulatory molecules or as
vaccine adjuvant components to help control Salmonella (28, 29),
although identification of the role of TLR21 was also founded in
understanding the response to Campylobacter jejuni (14).

Macrophages differ little in structure or function to mam-
mals, displaying a range of TLRs, expression of MHC Class II
and phagocytic and antimicrobial activity. It is not yet understood
whether avian macrophages have M1 or M2 phenotypes. The inter-
action with macrophages and dendritic cells and Salmonella is a
key stage in the progression of systemic infection in particular.
We have previously reviewed this in some detail (9), so will only
briefly cover the essential points here. The use of inbred chicken
models has identified the genetic locus SALI that displays a phe-
notype of resistance to systemic salmonellosis (30). Macrophages
derived from such birds shown enhanced oxidative killing and
more rapid expression of key inflammatory and Ty 1-assocated

cytokines (31, 32). Fine mapping of this resistance locus has iden-
tified Aktl, a protein kinase, and Siva, a CD27-binding protein
as functional candidates for the SALI locus (33). A number of
chicken macrophage-like cell lines are available and these have
been utilized extensively to understand the interactions between
Salmonella and this cell type in terms of cytokine response, the
role of the bacterial SPI2 type III secretion system in intracellu-
lar survival and antimicrobial response to a range of serovars and
have largely shown a common biology between mammalian and
avian species (34—40).

As mentioned previously antimicrobial peptides play a key role
in protection against avian salmonellosis. B-Defensins termed gal-
linacins in the chicken are produced by a range of cells and tissues
in response to Salmonella infection or vaccination including, but
not restricted to gallinacins 25 and 7 in gut epithelium (41-43).
Gallinacins are also expressed during reproductive tract infection
as described below. Like their mammalian equivalents gallinacins
are cysteine-rich antimicrobials that have been shown to be active
against a range of Gram negative and Gram positive bacterial
species and have been considered as potential therapeutics in
human medicine (44). Cathelicidins, also termed fowlcidins in the
chicken, have also been described, but their role in salmonellosis
is not known (44, 45). Other innate factors including increased
expression of mucins, and in particular the gel-forming mucins
(Muc2, Muc5ac, Muc5b, and Mucé6), are likely to play a role in
maintaining the epithelial barrier and limiting infection. Purified
chicken mucin has been shown to have activity against Campy-
lobacter (46), and work is ongoing in out laboratory to determine
its role in enteric infections.

THE ADAPTIVE RESPONSE TO INFECTION AND THE
SUCCESS OF VACCINATION

The success of vaccination programs such as those employed in
the UK to reduce the burden of foodborne salmonellosis through
control in egg and latterly poultry meat production is a clear indi-
cator that protective adaptive immune responses can be elicited in
the chicken (47). Infection with Salmonella elicits both antibody
and cellular responses that can be detected from around a week
post-infection. Clearance of both S. Enteritidis and the attenu-
ated S. Gallinarum 9R vaccine strain from the spleen and liver
is at around 2-3 weeks post-infection which coincides with high
levels of interferon-y expression and also production of IgM and
IgG antibodies (5, 7, 48, 49). Preliminary adoptive transfer exper-
iments have shown partial protection to systemic infection can be
achieved by transfer of T lymphocytes (9).

In contrast, clearance from the intestinal tract is a much slower
process. Salmonella infection leads to production of secretory IgA
in the gut but any protective role is unclear as studies employing
bursectomised (B lymphocyte-free) chickens give differing results
dependent on the method employed. Both clearance and protec-
tion to re-challenge with Salmonella are reduced when hormonal
or cyclophosphamide are used to deplete the Bursa of Fabricius
(50, 51), whereas surgical bursectomy in ovo has no effect on the
clearance of Salmonella or protection to re-challenge (52). Whilst
the latter study suggests antibody is not required for clearance,
the success of inactivated vaccines in Salmonella control in the
chicken does suggest it plays an important role. However a number
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of studies have shown that challenge elicits a strong Th1 response
and that cellular immunity is more important in the chicken and
clearance is dependent on age and cellular development. What
we do not yet know is which effector mechanisms are employed
in clearance. We do have some understanding of how the cellular
response is activated. y3-T lymphocytes are found in greater num-
bers in the chicken gut than mammalian systems and these cells
play a key role in activation of adaptive response in the caeca and
ileum. Salmonella challenge results in an influx of y3 lymphocytes
and expression of IFN-y, IL-12, and IL-18 leading to activation
of Tu1 responses (53, 54). The y8 lymphocyte population has a
heterogenous structure and phenotype in the chicken, with asso-
ciation of subsets with particular tissues (55). In the caeca, the
CD8Taa™ 8 population is thought to be the main activator of
the adaptive response (56).

MUCOSAL RESPONSES AND THE ROLE OF AND Tregs AND
Ty17 CELLS

Given the importance of Ty 17 cells in the mucosal inflammatory
response, and as sentinels in the intestinal epithelium in mammals,
there has been little focus on their role in avian salmonellosis. Fur-
thermore, our understanding of the regulation of inflammatory
responses and the role of regulatory T-cells in maintaining gut
integrity following inflammatory responses is also limited. Ty17
cytokines are elicited rapidly after infection in the bovine ligated
ileal loop Salmonella infection model (57), probably through stim-
ulation of non-specific Ty 17 cells while Salmonella-specific Tyy17
cells possibly recognizing flagellin following activation via TLR5-
dependent pathways may also contribute to intestinal mucosal
protection (58). In the chicken IL-17 expression is upregulated
in the cecum, the main site of bacterial colonization, following
S. Enteritidis challenge though as yet no functional rule has been
ascribed (42). Currently, the role of IL-17 is best characterized
during infection by species of the chicken intestinal apicom-
plexan protozoan Eimeria where IL-17 may play a role both in
protection and pathology dependent on the Eimeria species and
co-infection with other enteric pathogens such as Clostridium
perfringens (59-62).

The fact that many Salmonella serovars persist within the
chicken intestinal tract with little sign of gastrointestinal dis-
ease despite eliciting a considerable inflammatory response and
that inflammatory responses to Salmonella are relatively short-
lived (5) strongly suggests there is a degree of regulation of this
response. Our recent work on invasive Salmonella Typhimurium
ST313 in the chicken illustrates this clearly (63); there is an ini-
tial CXCLil and CXCLi2 response leading to intestinal damage
at three days post-oral infection, but by seven days post-infection
this response is lowered and inflammatory damage largely resolved
despite bacterial persistence (63). Some years ago, we showed
that the lowering of intestinal proinflammatory signals follow-
ing colonization with S. Typhimurium corresponded to increased
expression of TGF-B, suggesting that regulation of inflammation
was taking place (5). More recently the expression of IL-10 has
been shown in the cecal tonsils in birds infected with S. Enter-
itidis at 4 days post-infection but not following infection the
non-inflammatory avian-adapted serovars. It would seem likely
that regulation of inflammatory immune responses, presumably

by regulatory T-cells, allow Salmonella to persist within the gut
for a number of weeks without disease to the bird but that the
initial inflammatory response is sufficient to help control invasion
and elicit responses that lead to systemic and eventually clearance
of gastrointestinal infection. Such a “tolerogenic” response would
have little or no impact on the bird itself, but has public health
consequences in allowing persistence for several weeks, particu-
larly given broiler chickens are typically slaughtered at around
6 weeks of age.

Recently, CD4TCD25™" cells have been identified as the avian
equivalent of the mammalian Tregs, though the chicken appears to
lack an ortholog of FoxP3 that are a characteristic feature of mam-
malian Tregs. Chicken CD41TCD25™ cells produce both IL-10 and
TGF-B family cytokines and suppress T-cell proliferation in vitro.
Stimulation of CD4+*CD25" in vitro or in vivo with Salmo-
nella LPS, or infection, increases suppressive active. Intriguingly,
CD41TCD25" have also been shown to traffic to the cecal tonsil,
suggesting this lymphoid organ at the ileal-cecal junction may play
a key role in regulating intestinal immunity. There is clearly con-
siderable scope to improve our understanding of chicken Tregs
including the interaction with the intestinal microbiota, enteric
pathogens, and in homeostasis of the healthy gut. Therapeutic
approaches to deplete Treg function and thereby reduce suppres-
sion of the response to Salmonella have been proposed to reduce
the carriage of Salmonella or Campylobacter. However, such an
approach may well be detrimental to the health and welfare of
chickens, leading to dysregulation of regulation of responses to
the intestinal microflora resulting in poor gut health. Such an
approach could also lead to uncontrolled inflammatory responses
to Salmonella or Campylobacter infection leading to intestinal
damage and diarrhea.

IMMUNOMODULATION IN PERSISTENT INFECTIONS

A feature of avian salmonellosis is persistent infection or carrier
state. Intestinal carriage may occur for several months following
infection with broad-host range serovars such as S. Typhimurium
and S. Enteritidis, whereas avian-adapted serovars, most notably
S. Pullorum, may persist in low numbers within macrophages in
the liver and spleen for the lifetime of the animal. This persistence
is in the face of a substantial immune response requiring evasion
or modulation of the response by the bacterium. As discussed
above immune clearance in the chicken is likely to be centered
on Tyl-based cellular responses so avoiding these responses is
key to pathogen survival. S. Pullorum is protected from antibody
responses due to its intracellular niche, yet infection is associ-
ated with production of high titer IgG responses (12). Using a
comparative approach between S. Pullorum and its close relative
S. Enteritidis, we were able to show that systemic clearance of
the latter was associated with a cellular response (9). In contrast,
S. Pullorum infection leads to increased expression of IL-4 but
unlike S. Enteritidis little expression of IFN-y. This bias toward a
Ty2 response would allow S. Pullorum to establish an intracellular
carrier state avoiding T 1-mediated clearance.

The mechanisms that underlie persistence in the GI tract are
harder to determine. While as discussed above, regulation of the
inflammatory response may help the establishment of a persis-
tent infection, there is usually immune clearance in the long term.
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As with systemic infection, the level and length of intestinal col-
onization is influenced by the generic background of the host.
A recent study using inbred White Leghorn chickens of Line
61 considered susceptible to Salmonella colonization and Line
N considered resistant (4), used a genome-wide transcriptional
approaches to look at variations in enterocyte gene expression in
an established GI tract infection (64). Both lines showed evidence
of down-regulation of Tyl responses, little evidence of stimu-
lation of the Ty17 pathway, and no difference in expression of
regulatory cytokines including IL-10 and TGF-f. In contrast the 6;
susceptible line showed enhanced expression of key Th2 cytokines
including IL-4 and IL-13. This supports the notion that immune
clearance of avian salmonellosis in Ty1 dominated and that Ty2
responses are associated with carrier states. As indicated by the
authors, this is parallel with the murine model of S. Typhimurium
where persistence is favored in M2 macrophage phenotypes that
are driven by T2 cytokine responses.

INFECTION AND THE IMMUNE RESPONSE IN THE
REPRODUCTIVE TRACT

A unique feature of avian salmonellosis is the frequent infection
of the female reproductive tract and transmission to eggs by S.
Enteritidis and S. Pullorum (12, 65). The structure and function
of the immune system of the avian reproductive has been recently
reviewed, reflecting the considerable progress in our understand-
ing of its structure and function made in the last few years (66).
Infection by Salmonella or stimulation with LPS results in a local
innate response and in particular secretion of gallinacins through-
out the reproductive tract, but in particular the lower part of the
oviduct and uterus (67—69). There is also an organized T lympho-
cyte structure in the developing tract and IL-4 expressed within the
tract that can lead to specific IgA responses. Sexual maturity in the
hen has a profound effect on both systemic and local lymphocyte
populations with a temporary fall in circulating T lymphocytes
and particular CD4 ™ cells and a loss of lymphocytic structure in
the reproductive tract (70). This results in increased susceptibility
to Salmonella challenge and decreased efficacy of vaccination at
the start of the egg-laying period.

CONCLUSION AND FUTURE DIRECTIONS

Avian immunology has advanced greatly in recent years with the
advent of genomic and transcriptomic approaches overcoming
many of the difficulties due to lack of reagents, transgenic ani-
mals, or differences in the immune system that prevent the use of
techniques commonly used in human and murine immunology.
As transgenic chickens are now becoming available, functional
studies on knockout chickens will no doubt follow. Nowhere
will these be more welcomed than in understanding mucosal
immunity, the “business end” of the response to Salmonella.
There are a number of key questions that still need to be fully
answered:

1. What are the mechanisms that underlie persistence of Salmo-
nella in the chicken gut?

2. What regulates the GI response to prevent excessive intestinal
damage?

3. Which effector mechanisms are important in clearance?

In addition to these, there are a number of areas, not least
the role of microbiota in the development and homeostasis of
the chicken mucosal immune system that require much work to
improve our understanding of fundamental processes and mech-
anisms. While the ultimate aim of the avian Salmonella immu-
nologist is to develop and improve vaccination and other controls
that reduce the burden of Salmonella in food production, a bet-
ter understanding of how the chicken regulates its response is
as important, as disruption of this may have implications for
the health and welfare of the animal itself, something that is
increasingly important to the consumer.
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