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Abstract – The ability of antigen presenting cells, in particular dendritic cells, to integrate a variety
of environmental signals, together with their ability to respond appropriately by initiating either
tolerance or defensive immune responses make them cells of particular relevance and importance
in the mucosal environment. They have been demonstrated in a variety of mucosal tissues in
veterinary species and have been characterized to varying degrees, showing that fundamental
immunological principles apply throughout all species, but also highlighting some species
differences. A major advantage of carrying out immunological research in veterinary species is their
size: it is possible to cannulate lymphatic ducts and obtain information about cell migration between
different tissues. It is also possible to obtain pure populations of relatively rare cell types such as the
plasmacytoid dendritic cells or mucosal dendritic cells ex vivo for the study of immune responses
to diseases in their natural host and for other thorough functional studies. Two major myeloid
antigen presenting cell (APC) (dendritic cells, DC) cell populations have been described in gut
draining lymph and other mucosal sites in ruminants and pigs, characterised by the presence or
absence of surface molecules, their enzyme profiles, their ability to phagocytose and their different
potential as APC. There is evidence that one of these subsets has migrated from the diffuse mucosal
tissue, where it is found as a phagocytic as well as stimulatory APC population, which in turn may
be derived from blood macrophages. In addition, the presence and role in viral infection of the IFN-α
producing plasmacytoid DC in mucosal tissue is discussed, based on studies in pigs.
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1. INTRODUCTION

The ability to present antigen is a func-
tional property of a cell and involves the
uptake of whole molecular or particulate
antigen, the use of enzymatic processes to
break it down to small peptide sequences
and the re-expression and presentation of
these peptide sequences to specific CD4
T cells. These T cells respond by prolifera-
tion, changes in cell surface molecules and
cytokine secretion, which can in turn affect
the presenting cell.

The term “antigen presenting cell”
(APC) is therefore defined by its function
and not necessarily by any particular char-
acteristic cellular molecule. However, one
molecule is required for antigen presenta-
tion: MHCII [1, 70]. MHCII is the molecule
that carries the re-expressed peptides to the
surface of the presenting cells and is recog-
nised, together with its load, by the respond-
ing T cell. However, although the presence
of MHCII is required, its expression is not
always indicative of antigen presentation. 

Many cells are capable of antigen pres-
entation and are usually classified as either
professional or non-professional APC [70].
As their name implies, antigen presentation
is probably the major function of a profes-
sional cell, whereas non-professional cells
such as epithelial, endothelial or other tis-
sue cells may in vitro, under certain circum-
stances, present antigen. The significance
of such non-professional presentation in
vivo is still controversial, and of relevance
to this review is the fact that there appears
to be considerable between species varia-
tion in the types of cells implicated in such
non-professional antigen presentation.

The professional presenting cells in turn
are a complex family of leucocytes, consist-
ing of monocytes/macrophages, B cells and
dendritic cells (DC) and their subsets. Even
the subdivision into macrophages and den-

dritic cells is not unambiguous, as the
ontogeny of some DC suggests that they
have a lineage relationship with mono-
cytes/macrophages: dendritic cells can be
generated in vitro from blood monocytes
[14, 108], and immature tissue dendritic
cells appear to share many functions with
tissue macrophages [79]. In addition, they
appear to be derived from at least two dif-
ferent precursors, macrophages and mye-
loid DC are as their name implies of myeloid
origin and plasmacytoid DC are of lym-
phoid origin [97]. Macrophages are gener-
ally thought to be derived from blood
monocytes after migration into the tissue
environment [71], they are characterised by
relatively high phagocytic activity and cor-
respondingly high levels of lysosomal
enzymes. DC are characterised morpholog-
ically by their long dendritic processes and
functionally by their high stimulatory activ-
ity, yet are highly plastic, both phenotypi-
cally and functionally and therefore not
easily defined. 

It appears that this functional group of
cells called DC is of outstanding importance
immunologically [75, 97, 98]. Only DC are
capable of presenting antigen to naïve T
cells and of triggering their responses, all
other APC can only stimulate memory T
cells. DC therefore occupy a very unique
functional niche in the immune system and
have attracted a huge amount of interest and
research. Such research has shown that DC
appear to integrate a large variety of envi-
ronmental signals, sensing the presence of
bacterial and viral antigens by various spe-
cific receptors such as the toll-like receptors
(TLR) and others, and that they appear to be
capable of a “value” judgement of such
prokaryotes as “dangerous” or “harmless”
and initiating appropriate responses, although
the exact mechanisms are outside the scope
of this review and also still largely obscure.
Clearly, the decision making ability of an
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APC is particularly important in mucosal
tissue, as the outcome may be one of two
almost diametrically opposite types of
response: an active defensive response to
mucosal pathogens or the opposite “toler-
ant” response to harmless environmental
agents such as food-derived antigens and
commensal bacteria. As most animals are
constantly exposed to the latter two harm-
less agents and on rarer occasions to the
pathogenic ones, we must assume that the
“default” or “normal” mechanism in such
mucosal sites is a state of immunological
tolerance. In agreement, it has been found
that DC found in and migrating from
mucosal tissue are involved in “tolero-
genic” mechanisms.

The ability to present to naïve T cells can
be mimicked in vitro by the so-called mixed
lymphocyte reaction (MLR): DC cause allo-
geneic T cells of irrelevant specificity to
respond by vigorous proliferation, other
APC cause little if any such proliferation.
This assay gives us a functional handle on
the importance of a particular cell as a pri-
mary presenting cell, of importance if much
other information about phenotype etc. is
missing, due to the lack of reagents.

There have been many attempts to cate-
gorise APC and match phenotypic charac-
teristics with functional properties [62].
The terminology used to describe such cells
is largely dependent on the analytical tools
used in their study. In turn, the tools avail-
able for such studies are constrained or
shaped by the species in which these studies
are conducted. An additional problem for
such studies is their plasticity [72, 108]; we
are probably looking at cells undergoing
constant and possibly reversible functional
and phenotypic changes as well as cells,
which can be divided into discrete subsets
of different ontogeny. Another property of
APC and particularly DC hampering our
studies are their migratory habits [35]: DC
are thought to acquire antigen in peripheral
tissues and then migrate to the draining
lymph nodes for antigen presentation. As
the vast majority of immunological research

is carried out in rodents and humans, of
necessity our knowledge is biased towards
these species. Clearly, rodents will remain
the focus of scientific research, originally
because of cost and ease of handling, now
also because of the availability of trans-
genic animals and other research tools such
as immunological reagents. Humans on the
other hands are of interest for purely “self-
ish” reasons, but as far as scientific research
is concerned will always suffer from the
availability of tissue from healthy donors as
controls or for more fundamental studies.
However, there is a lot of evidence that
many mechanisms we talk about as a gen-
eral phenomenon may in fact be predomi-
nantly a phenomenon in rodents. For
example, it has been shown recently that
pigs are a better model for humans than
rodents to study the so-called plasmacytoid
DC (pDC) [36], these studies will be
described in detail in this review.

 Therefore, rather than looking at species
differences as an obstacle in the path of our
attempts to understand a functional immune
system, we can turn this around and inter-
pret it as an opportunity to broaden our
understanding of the basic principles
underlying immune mechanisms, as well as
a chance to utilise different species for the
study of different aspects of an immune
function, always bearing in mind that spe-
cies differences do exist.

In fact, this opportunity has already been
grasped in the research carried out with vet-
erinary species. Apart from research based
on our interest in such species as food
sources or as our companions, they offer us
the accessibility of rodents, the advantages
of size of humans and their phylogenetic
diversity for studies designed to comple-
ment the knowledge gained from the more
traditional objects of our research.

The majority of our knowledge of mucosal
APC in rodents is based on inductive sites
such as Peyer’s patches and mesenteric
lymph nodes, which are more suitable as
sites of cell isolation. In contrast, studies of
APC from the diffuse lymphoid mucosal
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tissue in rodents are usually based on arti-
ficially expanded populations: because of
their small body size, mucosal sites are rel-
atively small, with few APC. Therefore,
workers have resorted to expanding their
numbers by the application of chemical rea-
gents such as flt-3 ligand, leaving open
the question as to how “normal” such an
expanded cell population and the resulting
immune system is. Therefore, APC from
effector sites such as colon and small intes-
tine are not well investigated in rodents,
there are only a handful of studies, which
have obtained cell preparations of sufficient
purity and numbers for such functional
studies. In contrast, these sites are easily
accessible and yield large numbers of pure
cell populations in humans (with the pro-
viso of “normal” tissue sources) and domes-
tic animals such as cattle, sheep and pigs.

DC migration from intestinal tissue has
been studied in rats, where the thoracic duct
is of sufficient size to be cannulated [60].
However, the thoracic duct also drains non-
mucosal tissues, so not all cells are of
mucosal origin. Sheep and pigs are emi-
nently suitable for such studies of cell
migration; in particular, a model involving
the cannulation of re-anastomosed pseudo-
afferent lymph ducts after the removal of
lymph nodes has yielded information based
on cells emigrating exclusively from mucosal
tissues [86, 87]. Figure 1 shows this tech-
nique and the migratory routes of leuco-
cytes in mucosal tissues.

This review will look at our knowledge
of mucosal tissue sites in turn, starting from
Peyer’s patches, with a brief summary of
existing knowledge based on rodents and
humans, followed by a discussion of all
available studies in veterinary species. As
mentioned, there will be a final section
dealing with the pDC.

2. MYELOID APC

2.1. Peyer’s patches

Peyer’s patches (PP) are thought to be
the primary inductive sites, where soluble

and particulate antigen is taken up by
specialised epithelial cells, the so-called
microfold or M cells [27]. M cells them-
selves do not express MHCII and are pre-
sumably not involved in antigen presentation,
but “hand over” the antigen to professional
APC, i.e. DC, resident in the sub epithelial
dome (SED), the follicles and the parafol-
licular T cell areas of the PP.

In mouse PP, it was shown that DC of
one phenotype are localized in T cell areas
and DC of a different phenotype in the
dome and corona region of the follicle, sug-
gesting two distinct roles in antigen uptake,
processing, and presentation [57, 88, 89]. It
was demonstrated that the sentinel antigen
presenting cells at the dome region are
immature in terms of their antigen-uptake
capacity, display low stimulatory activity
for resting T cells, but can be matured by
24 h culture in the presence of granulocyte-
macrophage colony-stimulating factor and
tumour necrosis factor or anti-CD40, after
which the cells undergo dramatic pheno-
typic and functional changes characteristic
of DC maturation. They lose the ability to
take up proteins such as ovalbumin, and in
parallel with this decline, the biosynthesis
of MHCII and invariant chain is dramati-
cally down-regulated or eliminated. Recently,
with the availability of more DC specific
reagents, at least four different CD11c+ DC
subsets have been identified in mice PP [8,
53]. There were only a few macrophages in
mouse PP: the surface molecules identified
by Mac-1 and F4/80, markers commonly
used to identify mouse macrophages, were
present only on small subpopulations [57,
88].

Rat PP APC were also characterised and
compared to similar cells from LP and
draining lymph [61]. Liu and MacPherson
also found marked phenotypic heterogene-
ity in rat PP DC, such as Thy-1, CD2 and
the iC3b receptor. Rat PP DC were also
shown to be relatively poor at primary anti-
gen presentation and could only stimulate a
moderate MLR, but similar to mouse could
be activated after short in vitro culture.
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However, Liu and MacPherson suggest that
functional differences are less due to mat-
uration, but more to the activation status of
the APC.

Human PP and lamina propria (LP) APC
have been characterised by immunohisto-
chemistry, using paired labelling of the
cytosolic leukocyte L1 protein (or calpro-
tectin) [11], together with CD68 expression

to identify DC and macrophages respec-
tively. Bjerke et al. found that CD68 expres-
sion and L1 expression were mutually
exclusive in healthy tissues. In the dome
region of Peyer's patches, CD68+L1-mac-
rophages were abundant, but not in LP.
Also subepithetial and interfollicular CD68-
interdigitating dendritic cells in Peyer's
patches (recognised by antibody to S-100

   

 

 

 

 

 

 

Figure 1. Diagram of gut-associated mucosal tissue and migratory routes of leucocytes. (a) Intact
MLN, (b) excised MLN with re-anastomosed lymph ducts, creating pseudo-afferent lymph for can-
nulation.
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protein) were usually unreactive with L1
antibody. However, none of the reagents
were later found to uniquely identify DC,
L1 is expressed by DC and eosinophils and
the S-100 protein is also ubiquitous [11].

PP APC cells have also been character-
ised in pigs. Again, it was apparent that sev-
eral subsets of APC were present, identified
by different intensity of immunohisto-
chemical labelling with the porcine mye-
loid marker SwC3, now known to be the
porcine homologue to CD172a (SIRPα)
[69]. In a second study, cells were also iso-
lated from pig PP based on their low buoy-
ant density [68]. A large proportion of these
cells expressed high levels of MHC II,
indicative of DC, and only a subset
expressed CD172a, but there were also
plasma cells, eosinophils and others. There
was low level expression of the lysosomal
enzyme non-specific esterase (NSE) and
low ATPase, but acid phosphatase and
β-galactosidase were absent. This cell pop-
ulation could induce a MLR, however, as
the exact proportion of DC in this cell prep-
aration was not known, an assessment of
their stimulatory potential on a per cell basis
was not possible. 

Interestingly, other pig studies enabled
the assessment of the impact of environ-
mental antigens on the immune develop-
ment of the PP as a whole: newborn animals
had only rudimentary PP, which increased
in size postnatally by a factor of 100
between days 1 and 10. This development
was largely absent in germfree animals [85]. 

Mucosal DC have also been implicated
as “Trojan” horses for various pathogens,
the causative agent of bovine spongiform
encephalitis (BSE), the abnormal prion pro-
tein (PrPSc), was found frequently in APC
in Peyer's patches in the distal ileum of
infected cattle [103].

2.2. Mesenteric lymph nodes (MLN) 

After encountering antigen in PP, it is
generally thought that DC migrate out to the
draining mesenteric lymph nodes. Cells in

such draining lymph can however originate
both from the organised lymphoid tissue,
i.e. the PP, as well as from the diffuse lym-
phoid tissue. Such APC in transit will be
described in the next section. There is rela-
tively little phenotypic and functional
information about DC in the MLN them-
selves. However, the involvement of the
MLN is generally thought to be crucial in
the induction of oral tolerance to soluble
proteins such as ovalbumen [95]. It has also
been shown in germ free mice that live com-
mensal bacteria ingested in PP reach the
MLN in DC and not in macrophages [65],
using CCR7 as a homing molecule and are
retained in this tissue. Therefore, MLN and
presumably MLN DC are implicated in
tolerogenic mechanisms both to food
derived soluble peptides as well as com-
mensal bacteria.

Liu and MacPherson [61] isolated DC
from rat MLN and found that fresh lymph
node DC stimulated a MLR or oxidative
mitogenesis efficiently, without requiring
in vitro activation/maturation. This implies
that once DC from PP reach the draining
lymph node, they have undergone func-
tional changes, rendering them capable of
potent T cell stimulation.

Relatively few studies have looked at
APC isolated from MLN of veterinary spe-
cies.

2.3. Diffuse lymphoid tissue

By far the greatest number of mucosal
APC are found in the diffuse lymphoid tis-
sue of the large and small intestine. 

Until relatively recently, this tissue has
received very little attention, the presence
of T cells of a memory phenotype led to the
conclusion that these tissues had predomi-
nantly recall effector functions, the role of
large numbers of APC was therefore unex-
pected and was often ignored. 

Additional reasons for this lack of inter-
est was probably the fact that healthy
rodents in comparison to other species
appear to have relatively few APC in this
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tissue, whereas species such as the pig fre-
quently show villi in the small intestine,
which are almost filled with a dense net-
work of MHC II + APC [42]. In addition,
APC from this diffuse lymphoid tissue have
been variously classified as “macrophages”
or “DC”, depending on the species studied
and the criteria used for the characterization
of a “macrophage” or a “DC”. The first
studies identifying MHCII+ DC in LP were
done in rats [74], and their antigen sampling
potential in mice was suggested by their
ability to express tight cell junction proteins
and insert themselves into epithelium [80].
However, only when it became possible to
isolate pure APC from this site and to study
their functional properties, could their stim-
ulatory potential and therefore their den-
dritic nature be confirmed.

A truly heroic effort was made to isolate
such APC from mice, but only after their
numbers had been expanded by flt3 ligand
[76]. Again, different subsets were identi-
fied, including some unusual ones, such as
DC expressing both CD11c and MHCII at
low intensity. These DC could be loaded by
feeding antigen in vivo, and produced
immuno-regulatory cytokines such as IL-10
and type I IFN, suggesting a role in immu-
noregulation and tolerance induction. How-
ever, these intestinal DC appear not to be
inherently tolerogenic, but “quiescent” in a
healthy animal and capable of presenting
antigen and inducing tolerance, but being
sufficiently responsive to inflammatory
stimuli to allow T cell priming and protec-
tive immunity when necessary.

In humans [92–94], the presence of large
numbers of unusual “macrophages”, iso-
lated by counter flow elutriation from
healthy intestinal tissue have been reported.
These authors also studied the functional
properties of such human intestinal APC
and show that they express high levels of
MHCII, are highly phagocytic, express
TLR2 and TLR4, but do not express innate
response receptors such as CD14 (LPS
receptor) or receptors for Fcα, Fcε or Fcγ,
nor did they express growth factor receptors

for IL-2 (CD25) and IL-3 (CD123). They
also did not produce proinflammatory
cytokines, including IL-1, IL-6, IL-10,
IL-12, RANTES, TGF-β, and TNF-α, in
response to an array of inflammatory stim-
uli but retained avid phagocytic and bacte-
ricidal activity. However, these authors
show in vitro that intestinal stromal cell-
derived products can induce blood mono-
cytes to adopt the functional and pheno-
typic properties of such gut macrophages.
Surprisingly, the functional test in a MLR
was not carried out for the human ex vivo
cells. 

It seems possible or indeed likely that the
unusual human “macrophages” and the
unusual rodent “DC” are the same cells,
with properties shared by immature DC and
macrophages. As blood monocytes are used
to derive DC cells in vitro, it seems reason-
able to assume that blood monocytes can
also give rise to DC in vivo.

Studies of similar cells in the pig, iso-
lated by flow cytometric cell sorting and
therefore representing pure cell popula-
tions, tend to support the hypothesis that LP
APC have functional and phenotypic prop-
erties of both “macrophages” as well as
“DC”. Our group has isolated large num-
bers of such APC from the jejunum of nor-
mal pigs [42], characterised by high levels
of cell surface and intracellular MHCII and
co-expression of CD172 (SIRPα) [2] and
high levels of CD16. Other surface mole-
cules expressed on the majority of these
cells were CD11R1 (the porcine homo-
logue of CD11b [24]) and CD11c. They
also carried the porcine myeloid marker
SwC8 [38, 40]. These characteristics were
confirmed by immunohistochemistry. Pre-
vious studies of less pure cell populations
[55, 56] showed cells with large round or
irregular nuclei and endocytic vacuoles,
with cells with round nuclei showing more
vacuoles and cells with irregular nuclei
more RER, probably representing cells of
different maturation/ activation status. In
parallel, cells with variable proportions of
cytoplasmic and cell surface MHCII could
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be seen [39]. Lysosomal enzymes indica-
tive of phagocytic activity were also
present, such as non-specific esterase, acid
phosphatase and β-galactosidase. In agree-
ment, these APC were highly phagocytic,
ingesting both bacterial ghosts and cellular
debris. Interestingly, we could also demon-
strate entire ingested CD3+ cells inside
such MHC II+ cells isolated from pig jeju-
num (Fig. 2) [39], suggesting a potential
mechanism for the removal of T cells prone
to apoptosis [6]. This may well be a mech-
anism linked to the maintenance of toler-
ance. However, these cells were also potent
stimulators of an MLR and therefore func-
tional DC. Although generally considered
as a monocyte/macrophage marker, the
presence of the Fcγ receptor CD16 as well
as high levels of cytoplasmic MHCII may
be a reflection of their “hybrid” status: the
presence of Fcγ receptors has been demon-
strated on immature DC in humans [79] and
on DC from draining lymph in sheep [20],
where it was shown that engagement of
these receptors cause maturation and a sub-
stantial modulation of the dendritic cell sur-
face phenotype after immune complex
uptake. A close association of these DC
with CD4+ but not with CD8+ T cells has
recently been demonstrated [51], using an
automated image analysis technique [52].
Therefore, it appears that these DC are not
just sampling antigen in the gut, in agree-
ment with the studies in mice, where the
uptake of food-derived antigen by these
cells has been described [76], but also inter-
act with local CD4+ T cells. Figure 3 shows
a multicolour image, where the close juxta-
position between T cells and APC can be

seen in a pig jejunal villus. Figure 4 is a dia-
grammatic representation of the immune
structure of the pig jejunum, illustrating the
distribution of all major leucocyte subsets
found in this site.

As it has been shown that local T cells
are all of advanced memory phenotype and
prone to apoptosis when stimulated in vitro
[5, 6, 41], a mechanism of tolerance by the
elimination of food specific T cells can be
envisaged.

In addition, these studies of sorted “pure”
cell populations highlighted a potential con-
founding phenomenon: it proved almost
impossible to detach these DC from accom-
panying T cells, possibly because the proc-
ess of phagocytosis had started. Therefore,
the reports of T cell surface molecules on
DC based purely on flow cytometry have to
be treated with caution.

MHCII expression has also been studied
in the jejunal LP of other veterinary species,
with essentially similar cellular distribution
to that in rats and pigs: most MHCII is
located in a dense network underlying the
epithelium. In cats, MHCII expression was
studied in healthy and IBD cats, it was
found elevated in the inflamed tissue [105].
Similarly in dogs, MHCII+ networks of DC
were observed [28] in healthy dogs, which
was increased in dogs with ulcerative coli-
tis, but not in dogs with dietary hypersensi-
tivity [29, 30, 107]. A similar picture of
APC underlying the gut epithelium was
observed in chicken [73], however, charac-
terisation was by a relatively uncharacter-
ised antibody said to recognise monocytes,
macrophages and interdigitating cells.

Figure 2. Dendritic cells isolated from pig jejunum. Cells were labeled in suspension with anti CD3
antibody (IgG1), followed by goat anti mouse IgG1-FITC. A cytospin preparation was made and re-
labeled with a cocktail of the same anti CD3 antibody and an anti MHCII antibody (IgG2a), followed
by goat anti mouse IgG1-AMCA and goat anti mouse IgG2a-TXRD. (a) Shows the green, (b) the
red and (c) the blue component of the composite image shown in (d). The T cell shown by the arrow
was only labeled blue, indicating its ligand was not accessible in solution and therefore internalized,
the arrowheads indicate two T cells, trapped between two APC, with cell surface labelling in solution
(green) as well as in situ (blue).

Figure 3. Photomicrograph of pig jejunum, showing close juxtaposition of CD16+ DC and CD4+
T cells in the LP, labeled in green (some green background staining, only dark green staining is spe-
cific); CD8+ T cells in blue in epithelium.
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2.4. MHC II on stromal tissue

In rodents and humans, mucosal epithe-
lial cells can express MHCII, with increased
levels in inflamed tissues. Their ability to
present antigen has been demonstrated in
vitro. However, the relevance of an equiv-
alent in vivo mechanism is not clear. It can-
not be a universal mechanism, as pigs never
appear to express MHCII on epithelium
[42], even in inflamed tissues, whereas cats
have been reported to express MHCII only
in diseased epithelial tissues [105]. In dogs,
MHCII was variably expressed on entero-
cytes in the small and large intestine, which
increased in animals with ulcerative colitis
[29].

However, normal endothelium in pigs
expresses high levels of MHCII [42, 64]
and isolated endothelial cells can trigger
recall but not primary responses in vitro [91].

2.5. Migration of APC out of mucosal 
tissues

The study of cells migrating out from
mucosal tissues alone has been a particu-
larly strong field for veterinary mucosal
immunologists. Here, the advantages of
size, allowing the cannulation of afferent
and efferent lymphatics in cattle and sheep
and “pseudo-afferent” lymphatics in pigs
have yielded valuable information.

The only rodent from which similar
information is available is the rat, however,
as mentioned, such thoracic duct leucocytes
may well originate from non-mucosal tis-
sues. Two major subsets in such draining
lymph have been identified [62, 66, 67] in
the rat. DC co-expressing CD4 and OX41
(SIRPα) represent about 50–60% of tho-
racic duct DC and are more potent APC in
MLR, but are excluded from T cell areas of
MLN. They express short fine processes
and low non-specific esterase, whereas
CD4-OX41- DC are less potent, strongly
positive for B7, express long pseudopodia,
have high non-specific esterase levels, and
many cytoplasmic inclusions in the form of
material from apoptotic enterocytes. How-

ever, they cannot present native Ag but can
stimulate strong MLR, can phagocytose all-
ogeneic cells in vitro, are poor stimulators
of CD8(+) T cells, and can lyse NK- sensi-
tive target cells [49]. These differences are
stable in culture; therefore probably repre-
sent two discrete subsets. Both populations
express similar amounts of MHCII, ICAM-
1, CD11b/c and OX62.

Very similar SIRPα– and SIRPα+ DC
subsets have been isolated from cattle and
sheep draining lymph. In cattle, the pres-
ence of CD26 on the CD4-SIRPα– subset
has also been demonstrated, and a greater
proportion of this subset was shown in lymph
draining the gut mucosa. in comparison to
draining lymph from skin [31]. In addition,
the bovine homologue to human CD205
was shown to be present on both DC sub-
sets, thereby confirming their DC nature [32].

Again, the SIRPα+ cell was the most
potent stimulatory cell, causing both CD4
and CD8 T cells to proliferate. These cells
also contained more of both transcripts and
protein for IL-1 and of transcripts for IL-6
[99]. In contrast, the SIRPα– cell effectively
stimulated CD4+ but not CD8+ T lym-
phocytes [48], but did not induce anergy or
death nor secreted an inhibitory factor. This
subset produced considerably more inter-
leukin-12 [99]. Interactions between both
DC subsets were also shown: supernatant
from CD8(+) T cells cultured with the
SIRPα+ DC significantly enhanced prolif-
eration of CD8(+) T cells in response to the
first subset DC, an effect that was blocked
by interleukin (IL)-1 α, but not IL-1 β, spe-
cific mAb. The proliferation of such SIRPα–
DC and CD8+ T cell co-cultures was also
enhanced by adding IL-1 α, but not by IL-2,
IL-6, IL-12, or IL-15. It was therefore con-
cluded that the failure to stimulate CD8+ T
cell proliferation resulted from the lack of
IL-1 α synthesis by this population. The
cytokine secretion of both subsets could be
increased by culture with CD40L(+) cells,
but quantitative differences between the
subpopulations remained. 
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In sheep, equivalent sub-populations of
DC are present in afferent lymph. Studies in
this species have been helped by the cross-
reactive CD26 antibody raised to bovine
CD26 [31]. Here, a comparison between
lymph draining from the head mucosa (cer-
vical DC (CerDC)) versus cutaneous
microenvironments on the constitutive DC
release was made, again by lymph cannu-
lation [25]. Again, the proportion of the
lymph draining the mucosal site contained
a higher proportion of the CD26(hi) signal
regulatory protein (SIRP)(–) DC subset,
and again, cytoplasmic apoptotic DNA as
well as cytokeratin-positive inclusions
were primarily detected in this subset of
DC. Cholera toxin (CT) administered onto
the oro-nasal mucosa accelerated migra-
tion, indicating that the effect of CT on DC
mobilization is not subset- specific. 

The significance of the presence of
CD26 in this DC subset was investigated
[31]: CD26 is an exopeptidase with specif-
icity for motifs within the receptor-binding
domain of several chemokines including
monocyte derived chemokine (MDC).
CD26 mediated truncation of MDC affects
the Th cell response affected by the chem-
okine and may produce a Th1 bias. CD26
mediated modification of MDC may bias
the immune response induced in naive T cells
by DC, leading to the suggestion that this
subset is involved in self-antigen presenta-
tion and tolerance induction.

The rat, bovine and ovine CD4-SIRPα-
populations are reminiscent of the DC iso-
lated directly from jejunal LP of the pig.
This DC subset has high NSE levels and
phagocytic activity in rats, shows epithelial
and apoptotic inclusions in vivo in rats and
sheep and is capable of phagocytosis of all-
ogeneic lymphocytes in vitro in the case of
rat DC. Ex vivo isolated pig LP DC, albeit
with relatively low levels of SIRPα  [42],
were shown to have avid phagocytic activ-
ity and high NSE levels [56], suggesting the
origin of this DC subset in the diffuse lym-
phoid tissue of the gut. 

In the pig, a recent study, using the can-
nulated pseudo-afferent lymph model, has
confirmed this and demonstrated that large
numbers of DC, expressing CD11R1
(CD11b) and CD172 are found in efferent
lymph [10] and are phenotypically similar
to DC from the diffuse lymphoid tissue
(see also review article by Bimczok and
Rothkötter [9]).

Such cannulation experiments have also
shown that pathogens can modulate the
type of APC leaving the mucosal tissue
[45]: in normal sheep and those infected
with the parasitic intestinal nematode Tri-
chostrongylus colubriformis, only veiled
cells, labelled with a DC specific antibody
[78] and of dendritic morphology were
seen, whereas APC with clear macrophage
morphology were seen in lymph from sheep
infected with Mycobacterium avium subsp.
paratuberculosis, the causative agent of
Johne's disease. This latter finding may be
of interest in the context of the hypothesis,
that parasitic burdens bias the host responses
towards tolerance, whereas pathogenic
microbial infection may lead to hypersen-
sitivities. 

2.6. Migration of APC into mucosal 
tissues

A variety of chemokines, adhesion mol-
ecules and their receptors have been shown
to be involved in mucosal homing of many
cell types including DC. The vast majority
of such studies have been carried out in PP
and MLN of rodents and are outside the
scope of this paper. We know very little
about the mechanisms, which drive the
recruitment of APC into the diffuse GALT.
However, some recent studies in veterinary
species are of interest in this context. The
neonatal pig is an excellent model in which
to study the immigration of leucocytes into
the gut, as probably due to the impervious
nature of the pig placenta, the gut of neona-
tal animals are completely devoid of leuco-
cytes [44, 85]. This contrasts with human
infants, where small numbers of leucocytes
are already present at birth [106]. It can be
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shown in such animals that such migration
is totally dependant on the presence of gut
flora, as germ-free animals show no such
DC or any other leucocytes in the diffuse
lymphoid tissue of the jejunum [43]. In
addition, large numbers of DC arriving rap-
idly within the first few days in conven-
tional animals [104] still express the LPS
receptor CD14 [52] and CD163 (personal
observation), both monocyte/macrophage
specific molecules, which are absent in
older animals [51, 52]. This would support
the hypothesis that LP DC are derived from
blood monocytes and develop their partic-
ular characteristics in situ. A differential
effect of the gut flora on the DC phenotype
could also be shown: DC arriving in gnoto-
biotic animals mono-associated with com-
mensal E. coli had vastly increased levels of
MHCII and maintained this even after a
prolonged period of time, whereas animals
colonised with a cocktail of commensal
anaerobes had DC of a “normal” phenotype
[43]. This suggests that homing of APC to
this site is driven totally by the presence of
commensal microbes, and that the pheno-
type and therefore presumably the function
of LP DC is shaped in response to the com-
position of such microbial flora.

2.7. Other mucosal tissues

The immunological structure of the lar-
ynx of the pig has also received some atten-
tion, and MHC II+ DC were reported both
in and underneath the epithelium [34].
Other mucosal tissues studied in health and
disease were the oral cavity of cats, where
MHCII+ cells with DC morphology were
reported [37], as well as in the reproductive
tract in FIV infection, where CD1+ DC
increased and macrophages decreased after
infection [13].

ATPase-positive and major histocom-
patibility complex class II-positive Langer-
hans cell-like dendritic cells have been
studied at the mucosal surface of the eye,
tongue and oesophagus of the chicken [77].
Ultrastructurally, these cells qualified as
Langerhans cells except that they lack

Langerhans cell granules. Thus, as in mam-
malian skin and mucosa, chicken mucosa
contains mucosal dendritic cells with mor-
phological and phenotypic features for the
engagement of incoming antigens within
epithelium and lamina propria.

3. PLASMACYTOID DENDRITIC 
CELLS OR NATURAL 
INTERFERON PRODUCING 
CELLS

3.1. Discovery of NIPC-pDC

Natural Interferon Producing Cells
(NIPC) were first defined in the early eight-
ies by their capacity to secrete large amount
of IFN-α (1-2 UI per cell) in response to a
number of different viral, bacterial or tumor
cell components [26]. Despite conflicting
data regarding the cellular origin of IFN-α,
attention quickly focused on an original but
rare subset of blood leukocytes, tentatively
termed NIPC [84]. For many years, the phe-
notype of NIPC was defined by what they
were not (i.e. non T, non B, non NK, non
monocytes, non progenitor cells) rather
than by what they are (low buoyant density,
CD4+ and MHCII+). The first comprehen-
sive study of the surface phenotype of
human blood NIPC was achieved in 1996
[102]. The authors concluded that NIPC are
part of the DC family, probably represent-
ing an immature subset of blood DC. The
identity of NIPC was definitely solved in
1998, by scientists working on another rare
population of cells with plasmacytoid mor-
phology but expressing some T cell mark-
ers called plasmacytoid T cells, then
renamed plasmacytoid monocytes and
finally plasmacytoid pre-dendritic cells
(pDC). PDC are low-density cells negative
for CD11c and lineage markers (CD3,
CD19, CD56 and CD14), positive for
MHCII, CD4 and CD123 (IL-3 receptor)
[63]. Siegal et al. [90] finally proved that
purified pDC produce 200 to 1 000 times
more IFN-α than other blood cells after
microbial challenge, therefore correspond-
ing to the NIPC [90].
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Since then, NIPC-pDC have been char-
acterized in mouse [4], rat [50] monkey [19]
and in one farm animal species: pig. The
story of porcine NIPC has been nearly as
long and prolific as the human one. The por-
cine NIPC were identified based on their
IFN-α production in response to transmis-
sible gastro-enteritis virus (TGEV) [17]
only a few years after human NIPC were
discovered. The porcine model has gener-
ated original data pertaining to mechanisms
of IFN-α induction by viral glycoproteins
[7, 16, 18, 82], their ontogeny [96] and their
localization in secondary lymphoid organs
[3, 81]. The identification of porcine NIPC
as pDC could be established only recently
[100]. To isolate porcine DC from blood,
Summerfield et al. used a myeloid marker,
SwC3 now known to be the homologue of
human CD172a, a member of the SIRP
family. Two CD172a+ DC subsets could
thus be identified in PBMC: the CD4–
CD14– and the CD4+ CD14– subsets, both
being non adherent and able to mature in
vitro (up-regulation of MHCII and CD80/
86). Only the CD172a+low CD4+ subset
contained IFN-α producing cells (10–25%)
after exposure to UV-inactivated TGEV
and could efficiently bind IL-3. These
two features make the porcine DC subset
CD172a+ CD4+ CD14– a population
equivalent to the human NIPC-pDC popu-
lation.

Recent attempts were made to character-
ize IFN-α producing cells in cattle. Infec-
tion of post-natal cattle with a non
cytopathic strain of bovine viral diarrhea
virus (ncpBVDV) resulted in elevated cir-
culating IFN-α/β [15]. Although the bovine
IFN-producing cells share some features
with porcine NIPC (they are found in lymph
node draining the site of infection and they
are distinct from BVDV infected cells),
their phenotype does not match the one
expected for typical plasmacytoid DC [12].
In particular they lack CD4 and express
CD11b and low CD14, indicating a mye-
loid lineage rather than a plasmacytoid one.
Therefore leukocyte subsets other than
pDC can be involved in IFN-α production

in different species. Besides, the nature of
the IFN-inducing signal may also target dif-
ferent subsets of responding cells as was
shown for Sendaï virus compared to herpes
simplex virus [33].

As well as their unique ability to secrete
IFN-α, NIPC-pDC can also differentiate
into mature DC albeit with poor antigen-
presenting ability compared to DC from
myeloid origin [63]. Since the connection
between NIPC and pDC has been estab-
lished, this DC subset has been involved in
several immunological disorders and infec-
tious diseases (AIDS, SLE, cancer). Thus,
the study of NIPC-pDC has become very
“fashionable” [63].

3.2. NIPC-pDC at mucosal sites

As stated above, NIPC-pDC are found in
blood and in secondary lymphoid organs.
Far less is known about their presence at
mucosal sites, the true sites of interaction
between NIPC and microbial IFN-α induc-
ers. The first study looking for mucosal
NIPC was done by our group in piglets
infected with TGEV [83]. TGEV oral-
infection causes an acute gastro-enteritis to
piglets. The virus replicates primarily in
enterocytes of the intestinal tract (express-
ing aminopeptidase N, the TGEV receptor)
and viral infection is accompanied by a
massive transient (24 h) production of
IFN-α in blood and intestinal fluid [59].
TGEV-induced IFN-producing cells were
investigated in situ by immunohistochemi-
cal staining of duodenum, jejunum, ileum,
mesenteric lymph node, popliteal lymph
node and spleen cryosections. This showed
that the vast majority of IFN-α producing
cells were located in the small intestine
(inside lamina propria and surrounding
Peyer’s patches) and accumulated in the
mesenteric lymph nodes [83]. It was there-
fore concluded that most if not all circulat-
ing IFN-α in TGEV-infected piglets
originates from gut and mesenteric lymph
node. These intestinal IFN-producing cells
express MHCII, and are in contact with but
distinct from TGEV-antigen positive cells,
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therefore resembling potential intestinal
porcine pDC. Nevertheless, the frequency
of intestinal NIPC is very low (one or two
per villus at best) compared to “ordinary”
DC that are extremely numerous, some-
times filling the whole lamina propria of a
villus. One can wonder about their function
at such site: their small number makes them
unlikely to be a major antigen-presenting
DC subset. On the other hand, even rare
intestinal NIPC in mesenteric lymph node
will flood the T-cell area with IFN-α, which
is very likely to influence the outcome of
the immune response. These data raise the
central question of how different DC sub-
sets cooperate to defend against acute viral
infection. Biron’s group addressed this
issue by isolating splenic murine DC during
the course of MCMV infection in order to
test their functions ex vivo (antigen presen-
tation to CD4 and CD8 cells, cytokines
secretion and NK activation) [21]. In such
an approach, pDC appear specialized for
initiation of innate immunity, and as a result
of their production of IFN-α regulate other
DC for induction of adaptive immunity. It
is likely to be the same for intestinal pDC
during the course of enteritic viral infection. 

PDC have also been studied at mucosal
sites independently of their ability to make
IFN-α. For instance, pDC can be isolated
from human tonsils [101] or lung [23].
Experimentally elicited allergic rhinitis in

human results in a massive recruitment of
pDC to nasal mucosa [54]. Lambrecht’s
group addressed the question of their
immunoregulatory/tolerogenic function in
lung mucosa in an experimental mouse
model of asthma [22]. They demonstrated
that lung pDC can present harmless antigen
to draining lymph node T cell in a tolero-
genic manner and are essential to prevent
asthmatic reactions. The capacity of pDC to
produce IFN-α can build up with pDC
tolerogenic function. For instance, murine
gut-derived CD8α+ pDC when matured by
CpG into IFN-α producing cells, induce
regulatory T cell [8].

4. CONCLUSIONS

The study of antigen presenting cells in
mucosal sites in domestic species has
yielded valuable information about their
phenotype, function and migration routes.
Mucosal tissues contain large numbers of
APC, consisting of two major and possibly
several other minor subsets of DC. Table I
is an attempt to summarise the various phe-
notypic surface molecules for different spe-
cies described in draining lymph and the
diffuse lymphoid tissue. The first major
subset has functional and phenotypic char-
acteristics of immature myeloid DC: these
DC are phagocytic, yet capable of some
antigen presentation. Similar DC are found

Table I. Distribution of major cell surface molecules on DC from various mucosal sites.

Thoracic duct / afferent (pseudo-afferent) lymph Small intestinal LP

Rat Pig Cattle Sheep Rat Pig Cattle Sheep

MHC II +++ +++ +++ +++ +++ +++ ? ?
CD4* +/– ? +/– ? ? ? ? ?
CD11b** + + + + +/– +/– ? ?
CD11c + ? + + +/– +/– ? ?
CD14*** ? ? ? ? ? – ? ?
CD16 ? +/– ? + ? + ? ?
CD26* ? ? +/– +/– ? ? ? ?
CD172* +/– +/– +/– +/– ? +(low) ? ?

* CD4 and CD172 are largely co-expressed, but mutually exclusive with CD26.
** The homologue for CD11b in pigs is CD11R1 [23].
*** There is a small CD14+ subset in LP of very young pigs.
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in the LP of the diffuse lymphoid tissue.
These LP DC appear to be highly mobile,
they appear rapidly in neonates in response
to microbial colonization and can also be
found in the efferent lymph, migrating to
the MLN. The second subset is less phago-
cytic and a more potent antigen-presenting
cell population, expressing high levels of
CD172 and CD4 and possibly originating
from Peyer’s patches. Studies in other spe-
cies have implicated immature DC in the
induction of tolerance, however, direct
functional evidence of this is still lacking in
these studies of mucosal tissues in domestic
species. 

In comparison, relatively small numbers
of NIPC-pDC are also found at mucosal
sites. Their function in mucosa is just being
revealed. According to experimental mod-
els in rodents, mucosal NIPC-pDC stimu-
late regulatory T cells, thereby preventing
excessive inflammatory responses damag-
ing for the mucosal integrity. However
much is still unknown about their role dur-
ing infectious processes. Contrary to their
murine counterpart but in common with
humans, porcine NIPC-pDC are the only
DC subset able to sense bacterial/viral com-
ponents via TLR9, TLR7 or yet unknown
receptors [36, 47, 58]. Mucosal porcine
pDC could be the target for studies aimed
at elucidating their function in vivo, includ-
ing their migratory behavior between the
peripheral mucosal sites and inductive sites
where they accumulate. Such knowledge
will be particularly relevant for studies
using natural ligands of TLR9 (bacterial
and viral DNA) but also for pre-clinical trial
using CpG-ODN as immunomodulators [46].

REFERENCES
[1] Al Daccak R., Mooney N., Charron D., MHC

Class II signaling in antigen presenting cells,
Curr. Opin. Immunol. 16 (2004) 108–113.

[2] Alvarez B., Sanchez C., Bullido R., Marina
A., Lunney J., Alonso F., Ezquerra A.,
Dominguez J., A porcine cell surface receptor
identified by monoclonal antibodies to SWC3
is a member of the signal regulatory protein
family and associates with protein-tyrosine

phosphatase SHP-1, Tissue Antigens 55
(2000) 342–351.

[3] Artursson K., Lindersson M., Varela N.,
Scheynius A., Alm G.V., Interferon-α pro-
duction and tissue localization of interferon-
α/β producing cells after intradermal admin-
istration of Aujeszkys-Disease Virus-infected
cells in pigs, Scand. J. Immunol. 41 (1995)
121–129.

[4] Asselin-Paturel C., Boonstra A., Dalod M.,
Durand I., Yessaad N., Dezutter-Dambuyant
C., Vicari A., O’Garra A., Biron C., Briere F.,
Trinchieri G., Mouse type I IFN-producing
cells are immature APCs with plasmacytoid
morphology, Nat. Immunol. 2 (2001) 1144–
1150.

[5] Bailey M., Plunkett F., Clarke A., Sturgess D.,
Haverson K., Stokes C., Activation of T Cells
from the intestinal lamina propria of the pig,
Scand. J. Immunol. 48 (1998) 177–182.

[6] Bailey M., Plunkett F.J., Rothkoetter H.J.,
Vega-Lopez M.A., Haverson K., Stokes C.R.,
Regulation of mucosal immune responses in
effector sites, Proc. Nutr. Soc. 60 (2001) 427–
435.

[7] Baudoux P., Carrat C., Besnardeau L.,
Charley B., Laude H., Coronavirus pseu-
doparticles formed with recombinant M and E
proteins induce α interferon synthesis by leu-
kocytes, J. Virol. 72 (1998) 8636–8643.

[8] Bilsborough J., George T.C., Norment A.,
Viney J.L., Mucosal CD8 α (+) DC, with a
plasmacytoid phenotype, induce differentia-
tion and support function of T cells with reg-
ulatory properties, Immunology 108 (2003)
481–492.

[9] Bimczok D., Rothkötter H.J., Lymphocyte
migration studies, Vet. Res. 37 (2006) 225–
338.

[10] Bimczok D., Sowa E., Faber-Zuschratter H.,
Pabst R., Rothkoetter H.J., Site-specific
expression of CD11b and SIRPα (CD172a) on
dendritic cells: implications for their migra-
tion patterns in the gut immune system, Eur.
J. Immunol. 35 (2005) 1418–1427.

[11] Bjerke K., Halstensen T.S., Jahnsen F.,
Pulford K., Brandtzaeg P., Distribution of
macrophages and granulocytes expressing L1
protein (Calprotectin) in human Peyers-
Patches compared with normal ileal lamina
propria and mesenteric lymph-nodes, Gut 34
(1993) 1357–1363.

[12] Brackenbury L.S., Carr B.V., Stamataki Z.,
Prentice H., Lefevre E.A., Howard C.J.,
Charleston B., Identification of a cell popula-
tion that produces α/β interferon in vitro and
in vivo in response to non-cytopathic bovine
viral diarrhoea virus, J. Virol. 79 (2005) 7738–
7744.

[13] Butterworth J.L., English R.V., Jordan H.L.,
Tompkins M.B., Distribution of immune cells



Mucosal APC in veterinary species 355

in the female reproductive tract in uninfected
and FIV infected cats, Vet. Immunol. Immu-
nopathol. 83 (2001) 37–51.

[14] Chamorro S., Revilla C., Gomez N., Alvarez
B., Alonso F., Ezquerra A., Dominguez J., In
vitro differentiation of porcine blood CD163(–)
and CD163(+) monocytes into functional den-
dritic cells, Immunobiology 209 (2004) 57–65.

[15] Charleston B., Brackenbury L.S., Carr B.V.,
Fray M.D., Hope J.C., Howard C.J., Morrison
W.I., α/β and Gamma interferons are induced
by infection with noncytopathic bovine viral
diarrhea virus in vivo, J. Virol. 76 (2002) 923–
927.

[16] Charley B., Laude H., Induction of α-inter-
feron by transmissible gastroenteritis corona-
virus: role of transmembrane glycoprotein-
E1, J. Virol. 62 (1988) 8–11.

[17] Charley B., Lavenant L., Characterization of
blood mononuclear-cells producing Ifn-α fol-
lowing induction by coronavirus-infected
cells (porcine transmissible gastroenteritis
virus), Res. Immunol. 141 (1990) 141–151.

[18] Charley B., Lavenant L., Delmas B., Glyco-
sylation is required for coronavirus Tgev to
induce an efficient production of Ifn-α by
blood mononuclear-cells, Scand. J. Immunol.
33 (1991) 435–440.

[19] Coates P.T.H., Barratt-Boyes S.M., Zhang
L.Y., Donnenberg V.S., O’Connell P.J.,
Logar A.J., Duncan F.J., Murphey-Corb M.,
Donnenberg A.D., Morelli A.E., Maliszewski
C.R., Thomson A.W., Dendritic cell subsets in
blood and lymphoid tissue of rhesus monkeys
and their mobilization with Flt3 ligand, Blood
102 (2003) 2513–2521.

[20] Coughlan S.N., Harkiss G.D., Dickson L.,
Hopkins J., Fc Gamma receptor expression
on sheep afferent lymph dendritic cells and
rapid modulation of cell surface phenotype
following Fc Gamma receptor engagement in
vitro and in vivo, Scand. J. Immunol. 43
(1996) 31–38.

[21] Dalod M., Hamilton T., Salomon R., Salazar-
Mather T.P., Henry S.C., Hamilton J.D.,
Biron C.A., Dendritic cell responses to early
murine cytomegalovirus infection: subset
functional specialization and differential reg-
ulation by interferon α/β, J. Exp. Med. 197
(2003) 885–898.

[22] De Heer H.J., Hammad H., Soullie T., Hijdra
D., Vos N., Willart M.A.M., Hoogsteden
H.C., Lambrecht B.N., Essential role of lung
plasmacytoid dendritic cells in preventing
asthmatic reactions to harmless inhaled anti-
gen, J. Exp. Med. 200 (2004) 89–98.

[23] Demedts I.K., Brusselle G.G., Vermaelen
K.Y., Pauwels R.A., Identification and char-
acterization of human pulmonary dendritic
cells, Am. J. Respir. Cell Mol. Biol. 32 (2005)
177–184.

[24] Dominguez J., Alvarez B., Alonso F., Thacker
E., Haverson K., McCullough K., Summer-
field A., Ezquerra A., Workshop studies on
monoclonal antibodies in the myeloid panel
with CD11 specificity, Vet. Immunol. Immu-
nopathol. 80 (2001) 111–119.

[25] Epardaud M., Bonneau M., Payot F., Cordier
C., Megret J., Howard C., Schwartz-Cornil I.,
Enrichment for a CD26(Hi) SIRP- subset in
lymph dendritic cells from the upper aero-
digestive tract, J. Leukoc. Biol. 76 (2004)
553–561.

[26] Fitzgerald-Bocarsly P., Human natural inter-
feron-a producing cells, Pharmac. Ther. 60
(1993) 39–62.

[27] Gebert A., The role of M cells in the protection
of mucosal membranes, Histochem. Cell Biol.
108 (1997) 455–470.

[28] German A.J., Bland P.W., Hall E.J., Day M.J.,
Expression of major histocompatibility com-
plex class II antigens in the canine intestine,
Vet. Immunol. Immunopathol. 61 (1998)
171–180.

[29] German A.J., Hall E.J., Kelly D.F., Watson
A.D.J., Day M.J., An immunohistochemical
study of histiocytic ulcerative colitis in boxer
dogs, J. Comp. Pathol. 122 (2000) 163–175.

[30] German A.J., Hall E.J., Day M.J., Immune cell
populations within the duodenal mucosa of
dogs with enteropathies, J. Vet. Intern. Med.
15 (2001) 14–25.

[31] Gliddon D.R., Howard C.J., CD26 is
expressed on a restricted subpopulation of
dendritic cells in vivo, Eur. J. Immunol. 32
(2002) 1472–1481.

[32] Gliddon D.R., Hope J.C., Brooke G.P.,
Howard C.J., DEC-205 expression on migrat-
ing dendritic cells in afferent lymph, Immu-
nology 111 (2004) 262–272.

[33] Gobl A.E., Funa K., Alm G.V., Different
induction-patterns of messenger-RNA for
Ifn-α and Ifn-β in human mononuclear leuko-
cytes after in vitro stimulation with herpes-
simplex virus-infected fibroblasts and Sendai
virus, J. Immunol. 140 (1988) 3605–3609.

[34] Gorti G.K., Birchall M.A., Haverson K.,
Macchiarini P., Bailey M., A preclinical
model for laryngeal transplantation: anatomy
and mucosal immunology of the porcine lar-
ynx, Transplantation 68 (1999) 1638–1642.

[35] Gunn M.D., Chemokine mediated control of
dendritic cell migration and function, Semin.
Immunol. 15 (2003) 271–276.

[36] Guzylack-Piriou L., Balmelli C., McCullough
K., Summerfield A., Type-A CpG oligonucle-
otides activate exclusively porcine natural
interferon-producing cells to secrete inter-
feron-, tumour necrosis factor- and inter-
leukin-12, Immunology 112 (2004) 28–37.



356 K. Haverson, S. Riffault

[37] Harley R., Gruffydd-Jones T.J., Day M.J.,
Characterization of immune cell populations
in oral mucosal tissue of healthy adult cats, J.
Comp. Pathol. 128 (2003) 146–155.

[38] Haverson K., Bailey M., Higgins V.R., Bland
P.W., Stokes C.R., Characterization of mono-
clonal-antibodies specific for monocytes,
macrophages and granulocytes from porcine
peripheral-blood and mucosal tissues, J.
Immunol. Methods 170 (1994) 233–245.

 [39]Haverson K., Stokes C.R., Bailey M., Immu-
nological structure and antigen-presenting
cells in the intestinal lamina propria, Period.
Biol. 99 (1997) 335–341.

[40] Haverson K., Zuckermann F., Saalmuller A.,
Lipp J., Aasted B., Stokes C.R., Summary of
workshop findings for porcine adhesion mol-
ecule subgroup, Vet. Immunol. Immuno-
pathol. 60 (1998) 351–365.

[41] Haverson K., Stokes C.R., Bailey M., T Cell
populations in the pig intestinal lamina pro-
pria – memory cells with unusual phenotypic
characteristics, Immunology 96 (1999) 66–73.

[42] Haverson K., Singha S., Stokes C.R., Bailey
M., Professional and non-professional anti-
gen-presenting cells in the porcine small intes-
tine, Immunology 101 (2000) 492–500.

[43] Haverson K., Sinkora J., Stokes C., Bailey M.,
The effect of commensal bacteria on the
immune development of the porcine jejunal
lamina propria, Mucosal Immunology Update
10 (2002) 2916.

[44] Haverson K., Sinkora J., Rehakova Z., Stokes
C., Sver L., Bailey M., Leucocyte migration
into jejunum in response to association with
selected commensal gut bacteria of germfree
piglets, Proceedings IVth meeting of the
European Mucosal Immunology Group
(EMIG), 2004, p. 101.

[45] Hein W.R., Barber T., Cole S.A., Morrison L.,
Pernthaner A., Long-term collection and char-
acterization of afferent lymph from the ovine
small intestine, J. Immunol. Methods 293
(2004) 153–168.

 [46]Hochrein H., Wagner H., Of men, mice and
pigs: looking at their plasmacytoid dendritic
cells, Immunology 112 (2004) 26–27.

[47] Hochrein H., Schlatter B., O’Keeffe M.,
Wagner C., Schmitz F., Schiemann M., Bauer
S., Suter M., Wagner H., Herpes simplex virus
type-1 induces IFN-α production via toll-like
receptor 9-dependent and -independent path-
ways, Proc. Natl. Acad. Sci. USA 101 (2004)
11416–11421.

[48] Hope J.C., Sopp P., Collins R.A., Howard
C.J., Differences in the induction of CD8(+)
T cell responses by subpopulations of den-
dritic cells from afferent lymph are related to
IL-1 α Secretion, J. Leukoc. Biol. 69 (2001)
271–279.

[49] Huang F.P., Platt N., Wykes M., Major J.R.,
Powell T.J., Jenkins C.D., MacPherson G.G.,
A discrete subpopulation of dendritic cells
transports apoptotic intestinal epithelial cells
to T cell areas of mesenteric lymph nodes, J.
Exp. Med. 191 (2000) 435–443.

[50] Hubert F.X., Voisine U., Louvet U., Heslan
M., Josien W., Rat plasmacytoid dendritic
cells are an abundant subset of MHC Class II+
CD4+CD11b(-)OX62(-) and type I IFN-pro-
ducing cells that exhibit selective expression
of Toll-Like receptors 7 and 9 and strong
responsiveness to CpG, J. Immunol. 172
(2004) 7485–7494.

[51] Inman C., Jones P., Harris C., Haverson K.,
Stokes C., Bailey M., The mucosal immune
system of the neonatal piglet, Pig J. 55 (2005)
211–222.

[52] Inman C., Rees L.E., Barker E., Haverson K.,
Stokes C.R., Bailey M., Validation of compu-
ter-assisted, pixel-based analysis of multiple-
colour immunofluorescence histology, J.
Immunol. Methods 302 (2005) 156–167.

[53] Iwasaki A., Kelsall B.L., Unique functions of
CD11b(+), CD8 α(+), and double-negative
Peyer’s Patch dendritic cells, J. Immunol. 166
(2001) 4884–4890.

[54] Jahnsen F.L., Lund-Johansen F., Dunne J.F.,
Farkas L., Haye R., Brandtzaeg P., Experi-
mentally induced recruitment of plasmacytoid
(CD123(High)) dendritic cells in human nasal
allergy, J. Immunol. 165 (2000) 4062–4068.

[55] Kambarage D., Bland P., Stokes C., The
accessory cell-activity of porcine intestinal
macrophages in the induction of T-cell
responses, J. Vet. Med. Sci. 56 (1994) 1135–
1138.

[56] Kambarage D.M., Bland P.W., Stokes C.R.,
Brown P., Skuse A.M., Ultrastructural, histo-
chemical and immunohistochemical features
of porcine intestinal lamina propria macro-
phages, peripheral-blood monocytes and
splenic adherent cells, J. Comp. Pathol. 112
(1995) 63–77.

[57] Kelsall B.L., Strober W., Distinct populations
of dendritic cells are present in the subepithe-
lial dome and T-Cell regions of the murine
Peyers Patch, J. Exp. Med. 183 (1996) 237–247.

[58] Krug A., Towarowski A., Britsch S.,
Rothenfusser S., Hornung V., Bals R., Giese
T., Engelmann H., Endres S., Krieg A.M.,
Hartmann G., Toll-like receptor expression
reveals CpG DNA as a unique microbial stim-
ulus for plasmacytoid dendritic cells which
synergizes with CD40 ligand to induce high
amounts of IL-12, Eur. J. Immunol. 31 (2001)
3026–3037.

[59] La Bonnardiere C., Laude H., High interferon
titer in newborn pig intestine during experi-
mentally induced viral enteritis, Infect.
Immun. 32 (1981) 28–31.



Mucosal APC in veterinary species 357

[60] Liu L.M., MacPherson G.G., Lymph-borne
(veiled) dendritic cells can acquire and present
intestinally administered antigens, Immuno-
logy 73 (1991) 281–286.

[61] Liu L.M., MacPherson G.G., Rat intestinal
dendritic cells – immunostimulatory potency
and phenotypic characterization, Immuno-
logy 85 (1995) 88–93.

[62] Liu L.M., Zhang M.H., Jenkins C., MacPherson
G.G., Dendritic cell heterogeneity in vivo, J.
Immunol. 161 (1998) 1146–1155.

[63] Liu Y.-J., Type 1 interferon-producing cells
and plasmacytoid dendritic cell precursors,
Annu. Rev. Immunol. 23 (2005) 275–308.

[64] Loving M., Magnusson U., Sows intramam-
marily inoculated with Escherichia Coli at
parturition. II. Effects on the densities of
MHC Class II+, CD4(+) and CD8(+) cells in
the mammary gland, Vet. Immunol. Immuno-
pathol. 90 (2002) 45–54.

[65] MacPherson A.J., Geuking M.B., McCoy
K.D., Immune responses that adapt the intes-
tinal mucosa to commensal intestinal bacteria,
Immunology 115 (2005) 153–162.

[66] MacPherson G.G., Liu L.M., Kushnir N.,
Lymph-borne dendritic cells and antigen pres-
entation in-vivo, J. Cell. Biochem. S21A
(1995) 3.

[67] MacPherson G.G., Huang F.P., Platt N., Liu
L.M., Jenkins C.D., Major J., Powell T.,
Wykes M., A discrete sub-population of den-
dritic cells constitutively transports apoptotic
epithelial cells from the intestine to T cell
areas of mesenteric nodes, J. Leukoc. Biol.
Suppl. 2 (1998) D4.

[68] Makala L.H.C., Haverson K., Stokes C.R.,
Bailey M., Bland P.W., Isolation and charac-
terisation of pig Peyer’s patch dendritic cells,
Vet. Immunol. Immunopathol. 61 (1998) 67–81.

[69] Makala L.H.C., Kamada T., Nagasawa H.,
Igarashi I., Fujisaki K., Suzuki N., Mikami T.,
Haverson K., Bailey M., Stokes C.R., Bland
P.W., Ontogeny of pig discrete Peyer’s
patches: expression of surface antigens, J.
Vet. Med. Sci. 63 (2001) 625–636.

[70] Male D., Cooke A., Owen M., Trowsdale J.,
Champion B., Antigen processing and presen-
tation, Advanced Immunology, 3rd ed., Mosby,
London, 1996,  7.15.

[71] Male D., Cooke A., Owen M., Trowsdale J.,
Champion B., Leukocytes and leukocyte
development, Advanced Immunology, 3rd
ed., Mosby, London, 1996, 6.5.

[72] Manickasingham S.R., Edwards A.D., Schulz
O., Sousa C.R.E., The ability of murine den-
dritic cell subsets to direct T helper cell dif-
ferentiation is dependent on microbial signals,
Eur. J. Immunol. 33 (2003) 101–107.

[73] Mast J., Goddeeris B.M., Peeters K.,
Vandesande F., Berghman L.R., Characteri-
sation of chicken monocytes, macrophages

and interdigitating cells by the monoclonal
antibody KUL01, Vet. Immunol. Immuno-
pathol. 61 (1998) 343–357.

[74] Mayrhofer G., Pugh C.W., Barclay A.N., The
distribution, ontogeny and origin in the rat of
Ia-positive cells with dendritic morphology
and of Ia-antigen in epithelia, with special ref-
erence to the intestine, Eur. J. Immunol. 13
(1983) 112–122.

[75] Mellman I., Steinman R.M., Dendritic cells:
specialized and regulated antigen processing
machines, Cell 106 (2001) 255–258.

[76] Mowat A.M., Dendritic cells and immune
responses to orally administered antigens,
Vaccine 23 (2005) 1797–1799.

[77] Perez-Torres A., Ustarroz-Cano M., Millan-
Aldaco D., Langerhans cell-like dendritic
cells in the cornea, tongue and oesophagus of
the chicken (Gallus gallus), Histochem. J. 34
(2002) 507–515.

[78] Pernthaner A., Cole S.A., Gatehouse T., Hein
W.R., Phenotypic diversity of antigen-pre-
senting cells in ovine- afferent intestinal
lymph, Arch. Med. Res. 33 (2002) 405–412.

[79] Regnault A., Lankar D., Lacabanne V., Rodriguez
A., Thery C., Rescigno M., Saito T., Verbeek
S., Bonnerot C., Ricciardi Castagnoli P., Fc
Gamma receptor-mediated induction of den-
dritic cell maturation and major histocompat-
ibility complex class I-restricted antigen pres-
entation after immune complex internalization,
J. Exp. Med. 189 (1999) 371–380.

[80] Rescigno M., Urbano M., Valzasina B.,
Francolini M., Rotta G., Bonasio R., Granucci
F., Kraehenbuhl J.P., Ricciardi-Castagnoli P.,
Dendritic cells express tight junction proteins
and penetrate gut epithelial monolayers to
sample bacteria, Nat. Immunol. 2 (2001) 361–
367.

[81] Riffault S., Carrat C., Besnardeau L.,
Labonnardiere C., Charley B., In vivo induc-
tion of interferon-α in pig by non-infectious
Coronavirus: tissue localization and in situ
phenotypic characterization of interferon-α-
producing cells, J. Gen. Virol. 78 (1997)
2483–2487.

 [82]Riffault S., Grosclaude J., Vayssier M., Laude
H., Charley B., Reconstituted Coronavirus
TGEV virosomes lose the virus ability to
induce porcine interferon-α production, Vet.
Res. 28 (1997) 105–114.

[83] Riffault S., Carrat C., Van Reeth K., Pensaert
M., Charley B., Interferon-α-producing cells
are localized in gut- associated lymphoid tis-
sues in transmissible gastroenteritis virus
(TGEV) infected piglets, Vet. Res. 32 (2001)
71–79.

[84] Ronnblom L., Ramstedt U., Alm G.V., Prop-
erties of human natural interferon-producing
cells stimulated by tumor-cell lines, Eur. J.
Immunol. 13 (1983) 471–476.



358 K. Haverson, S. Riffault

[85] Rothkoetter H.J., Pabst R., Lymphocyte sub-
sets in jejunal and Ileal Peyer’s patches in
normal and gnotobiotic minipigs, Immuno-
logy 67 (1989) 103–108.

[86] Rothkoetter H.J., Huber T., Barman N.N.,
Pabst R., Lymphoid-cells in afferent and
efferent intestinal lymph-lymphocyte sub-
populations and cell-migration, Clin. Exp.
Immunol. 92 (1993) 317–322.

[87] Rothkoetter H.J., Pabst R., Bailey M., Lym-
phocyte migration in the intestinal mucosa,
Vet. Immunol. Immunopathol. 72 (1999)
157–165.

[88] Ruedl C., Hubele S., Maturation of Peyer’s
patch dendritic cells in vitro upon stimulation
via cytokines or CD40 triggering, Eur. J.
Immunol. 27 (1997) 1325–1330.

[89] Ruedl C., Rieser C., Böck G., Wick G., Wolf
H., Phenotypic and functional characteriza-
tion of CD11+ dendritic cell population in
mouse Peyer’s patches, Eur. J. Immunol. 26
(1996) 1801–1806.

[90] Siegal F.P., Kadowaki N., Shodell M.,
Fitzgerald-Bocarsly P.A., Shah K., Ho S.,
Antonenko S., Liu Y.J., The nature of the
principal type 1 interferon-producing cells in
human blood, Science 284 (1999) 1835–
1837.

[91] Singha S., Antigen presentation in the small
intestine of the pig, Ph.D. thesis, University
of Bristol, 2002, pp. 126–131. 

[92] Smith P.D., Smythies L.E., Mosteller-
Barnum M., Sibley D.A., Russell M.W.,
Merger M., Sellers M.T., Orenstein J.M.,
Shimada T., Graham M.F., Kubagawa H.,
Intestinal macrophages lack CD14 and CD89
and consequently are down-regulated for
LPS- and IgA-mediated activities, J. Immu-
nol. 16 (2001) 2651–2656.

[93] Smythies L.E., Sellers M., Graham M., Smith
P.D., Resident intestinal macrophages are
highly phagocytic but do not produce inflam-
matory cytokines, Gastroenterol. 118 (2000)
6233.

[94] Smythies L.E., Sellers M., Clements R.H.,
Mosteller-Barnum M., Meng G., Benjamin
W.H., Orenstein J.M., Smith P.D., Human
intestinal macrophages display profound
inflammatory anergy despite avid phagocytic
and bacteriocidal activity, J. Clin. Invest. 115
(2005) 66–75.

[95] Spahn T.W., Weiner H.L., Rennert P.D.,
Lugering N., Fontana A., Domschke W.,
Kucharzik T., Mesenteric lymph nodes are
critical for the induction of high- dose oral
tolerance in the absence of Peyer’s patches,
Eur. J. Immunol. 32 (2002) 1109–1113.

[96] Splichal I., Bonneau M., Charley B., Ontog-
eny of interferon-α secreting cells in the por-
cine fetal hematopoietic organs, Immunol.
Lett. 43 (1994) 203–208.

[97] Steinman R.M., Some interfaces of dendritic
cell biology, APMIS 111 (2003) 675–697.

[98] Steinman R.M., Hawiger D., Nussenzweig
M.C., Tolerogenic dendritic cells, Annu.
Rev. Immunol. 21 (2003) 685–711.

[99] Stephens S.A., Brownlie J., Charleston B.,
Howard C.J., Differences in cytokine synthe-
sis by the sub-populations of dendritic cells
from afferent lymph, Immunology 110
(2003) 48–57.

[100] Summerfield A., Guzylack-Piriou L., Schaub
A., Carrasco C.P., Tache V., Charley B.,
McCullough K.C., Porcine peripheral blood
dendritic cells and natural interferon-produc-
ing cells, Immunology 110 (2003) 440–449.

[101] Summers K.L., Hock B.D., McKenzie J.L.,
Hart D.N.J., Phenotypic characterization of
five dendritic cell subsets in human tonsils,
Am. J. Pathol. 159 (2001) 285–295.

[102] Svensson H., Johannisson A., Nikkila T.,
Alm G.V., Cederblad B., The cell surface
phenotype of human natural interferon-α
producing cells as determined by flow
cytometry, Scand. J. Immunol. 44 (1996)
164–172.

[103] Terry L.A., Marsh S., Ryder S.J., Hawkins
S.A.C., Wells G.A.H., Spencer Y.I., Detec-
tion of disease-specific PrP in the distal ileum
of cattle exposed orally to the agent of bovine
spongiform encephalopathy, Vet. Rec. 152
(2003) 387–392.

[104] Vega-Lopez M.A., Telemo E., Bailey M.,
Stevens K., Stokes C.R., Immune cell distri-
bution in the small-intestine of the pig –
immunohistological evidence for an organ-
ized compartmentalization in the lamina pro-
pria, Vet. Immunol. Immunopathol. 37
(1993) 49–60.

[105] Waly N.E., Stokes C.R., Gruffydd-Jones
T.J., Day M.J., Immune cell populations in
the duodenal mucosa of cats with inflamma-
tory bowel disease, J. Vet. Intern. Med. 18
(2004) 816–825.

[106] Williams A.M., Bland P., Phillips A.C.,
Probert C.S.J., Intestinal T cell recruitment
and MadCAM expression are influenced by
intestinal flora, Proceedings IVth meeting of
the European Mucosal Immunology Group
(EMIG), 2004, p. 107.

[107] Zentek J., Hall E.J., German A., Haverson K.,
Bailey M., Rolfe V., Butterwick R., Day
M.J., Morphology and immunopathology of
the small and large intestine in dogs with non-
specific dietary sensitivity, J. Nutr. 132
(2002) 1652S–1654S.

[108] Zou G.M., Tam Y.K., Cytokines in the gen-
eration and maturation of dendritic cells:
recent advances, Eur. Cytokine Netw. 13
(2002) 186–199.


