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Summary

Hannover Medical School, Hannover, Germany Lymph nodes (LN) are one of the important sites in the body where immune
responses to pathogenic antigens are initiated. This immunological function
induced by cells within the LN is an extensive area of research. To clarify the
general function of LN, to identify cell populations within the lymphatic
system and to describe the regeneration of the lymph vessels, the experimental
surgical technique of LN dissection has been established in various animal
models. In this review different research areas in which LN dissection is used
as an experimental tool will be highlighted. These include regeneration
studies, immunological analysis and studies with clinical questions. LN were
dissected in order to analyse the different cell subsets of the incoming lymph
in detail. Furthermore, LN were identified as the place where the induction of
an antigen-specific response occurs and, more significantly, where this
immune response is regulated. During bacterial infection LN, as a filter of the
lymph system, play a life-saving role. In addition, LN are essential for the
induction of tolerance against harmless antigens, because tolerance could not
be induced in LN-resected animals. Thus, the technique of LN dissection is an
excellent and simple method to identify the important role of LN in immune
responses, tolerance and infection.
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Introduction

The lymphoid system consists of three different types of
lymphoid tissues: primary, secondary and tertiary lymphoid.
The primary lymphoid organs are the bone marrow (BM)
and thymus, and the secondary lymphoid organs include the
spleen, Peyer’s patches (PP) and lymph nodes (LN). Tertiary
lymphoid tissues develop during inflammation and are
therefore highly variable structures. As this review focuses on
LN dissection, all other lymphoid tissue structures will not
be mentioned further (for more details see [1]).

In mammals, LN are located all over the body. They all
have the same architecture and are populated by the same
cell types (Fig. 1). Their function is to filter the lymph
coming from the draining area and to scan the lymph for
antigens. Either an immune response to pathogenic antigens
is initiated or, in the case of harmless antigens, tolerance
[2]. In brief, antigen-loaded dendritic cells (DC), coming
from the draining area via the afferent lymphatics, present
their antigens to T lymphocytes in the T cell area or the
paracortex. T cells which are T cell receptor-specific for
the presented antigens are activated; they differentiate and
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proliferate. T helper cells, one class of activated T lympho-
cytes, migrate into the B cell area or cortex to assist B cells.
These antigen-specific B cells differentiate into plasma cells
for effective antibody production. All activated effector cells,
such as plasma cells, CD4" or CD8" T cells, migrate to the
medulla, where they leave the LN via efferent lymphatics or
the blood system to travel to the inflamed or endangered area
of their specific draining area. This precise migration is pos-
sible because of homing molecules which are up-regulated
on effector cells after activation. Recently, a new cell popu-
lation, the backbone-forming stromal cells, has been identi-
fied as also being involved in this process [3]. These cells
are able to present antigens to lymphocytes, and play a
role in the up-regulation of homing molecules such as DC
[4,5].

In contrast to immune response induction, tolerance is
the unresponsiveness of the immune system via suppression
of T and B cell activation by regulatory T cells, deletion or
anergy.

However, there are many open questions about the func-
tion of the LN, including the migration of cells from the
draining area, the role of the LN in the induction of immune
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Fig. 1. Function of the lymph nodes (LN). LN are the site where immune reactions or suppression takes place. Cells of the afferent or efferent

lymphatics are collected via LN dissection and the cells can be analysed. As well as different dendritic cell (DC) populations, different lymphocyte
subpopulations such as CD4" T cells or ¥ T cells are also detected. Within the paracortex of the lymph node, DC present antigens to T cells which
proliferate and differentiate into effector or helper T cells after recognizing the specific antigen whereby an immune response is initiated. T helper
cells migrate into the cortex to assist B cells to proliferate and differentiate into effector or plasma cells. All lymphocytes, including naive or effector

cells, migrate to the medulla to leave the LN via the efferent lymphatics or the blood system. Conversely, oral tolerance is activated if regulatory

T cells are activated via DC, which prevent immune response induction. Without the LN all these functions are reduced or lacking.

responses, the control of parasites or tolerance. It is possible
to use knock-out mice, e.g. lymphotoxin o or retinoic acid-
related orphan receptor (Ror)-yt knock-out mice to study
the function of LN. These mice have reduced or no LN, but
they all have further disorders, particularly in the spleen
[6,7]. To circumvent the problems of immune system dys-
function caused by these gene knock-outs, a second method
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of studying LN function is to remove only the LN of interest.
This LN dissection technique permits identification of the
role of a specific LN without affecting further organs or
areas.

Therefore, in this review different research areas are illus-
trated where LN dissection was performed to identify the
function of LN or the consequences of a missing LN.
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The LN dissection technique

LN dissection is an experimental surgical technique which
has been used for many years not only to analyse the role of
LN in the immune system and lymph fluid transport, but
also in different diseases in animal models. LN were removed
from many different draining sites such as the skin-draining
site (for example the axilliary LN [8], the brachial LN [9], the
popliteal LN [10-12] or the inguinal LN [13,14]), the head—
neck region (cervical LN [15-19]) or the peritoneal area (the
mesenteric LN [20-23] and the coeliac LN [24]).

For dissection of the mesenteric LN (mLN), for example,
the abdomen was opened and the gut was taken out so that
the mLN were visible (Fig. 2a). The mLN were excised care-
fully in order not to injure the superior mesenteric artery
lying behind, whereas the connection of the lymph vessels
and small blood vessels to the LN was disturbed. Afterwards,
the gut was replaced in the abdomen and the abdomen was
closed.

Monitoring lymph vessel regeneration after
LN removal

LN are integrated as central organs in the lymph vessel system.
The afferent lymphatics coming from the draining area,
which could be the gut system or the skin, transport fluid,
proteins, lipids and different cell populations of the immune
system to the LN sinus. The efferent lymphatics leave the LN
at the medullar site to greater LN or veins of the blood system.
After LN dissection, the lymph vessel system is destroyed and
the afferent and efferent system vessels are reconnected. This
new regenerated lymph vessel, the so-called pseudo-afferent
lymphatic vessel [25,26], develops quickly and is detectable
within 7 days in mice and rats [20,27], but is regenerated fully
4 weeks after dissection [11,23].

For detection of the regeneration of the pseudo-afferent
lymphatic vessels, different imaging techniques are possible:

Fig. 2. The gut system with and without mesenteric lymph nodes

(mLN). Mice were anaesthetized and the abdomen was opened. The
gut was taken out and the mLN were seen (a, mLN indicated by
arrows). The mLN were removed carefully. Afterwards the gut was
replaced in the abdomen and the abdomen was closed. After 4 weeks
animals were studied by feeding oil, which is transported via the
lymphatics, to check for newly connected pseudo-afferent lymphatics
b).
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the pseudo-afferent lymphatic vessels can be strained by
injecting a dye which is transported from the draining area
via the lymphatics, or much more easily by applying oil by
oral gavage. The oil is also transported by the lymphatic
system, whereby the lymph system appears white (Fig. 2b)
[20]. Lymph vessel integrity after LN dissection in other
regions except the gut, for example the skin, could be
shown by injecting a blue dye into the draining area which is
then transported via the lymph vessels. For high-resolution
analysis it is possible to employ lymphograms or lymphos-
cintigraphy as two-dimensional methods or single photon
computed tomography—computerized tomography (SPECT-
CT) magnetic resonance tomography (MRT) as a three-
dimensional technique, in which contrast medium is
injected and the lymphatic vessels are highlighted. These
techniques allow one animal or human to be scanned several
times to study the lymphangiogenesis in vivo [11,14,28,29],
or in clinical use to identify sentinel lymph nodes for dissec-
tion [30]. Transmission digital microscopy is another
method with which to analyse lymphatics in vivo [23]. Using
this technique the cellular composition of newly developed
lymph vessels has been identified, and Ikomi et al. have
shown fully functional newly formed lymph vessels using
X-ray lymphograms [11].

Impact of LN dissection for studying
immune functions

The function of the peripheral LN at their
draining sites

Different research areas using LN dissection could be
identified in the field of immune function analysis. On one
hand, the peripheral or skin-draining LN, and on the other
hand the mesenteric LN draining the gut system, are under
intensive investigation. Furthermore, various questions
focus on cell migration through the lymphatic vessels to the
draining LN and immune response induction after antigen
administration.

Several groups have removed peripheral LN (pLN) to
analyse the cell subset composition of the incoming lymph
in order to identify area-specific or activated cells.

In this regard, some groups were interested in different
DC populations found in the afferent lymphatics. In these
studies LN were removed, the lymphatics in peripheral sites
were cannulated and the DC subsets were analysed and com-
pared to DC isolated from other tissues or other species
[31,32]. One of these studies detected a similar DC subset in
mice, sheep and humans, which showed not only a similar
phenotype, but also a similar function [31]. Similar exami-
nations were performed by other groups analysing the
lymph of cattle. Large numbers of DC and Y3 T cells were
identified after removing skin-draining LN [33,34]. Further-
more, Bonneau et al. cannulated the cervical duct to analyse
the lymph in sheep [35]. They identified different T cell
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subsets (CD4", CD8", Y0 T cells) and B lymphocytes as well as
monocytes, granulocytes and DC in the lymph [36]. To
analyse monocytes, granulocytes and DC in more detail they
injected a vaccine strain of Salmonella abortusovis and fol-
lowed the absorbed cell types [37]. Thus, different cell popu-
lations coming from the draining area of peripheral LN were
identified, and after antigen administration were analysed in
more detail.

Numerous studies focus on the presence of pLN for
immune response induction. One study concerns the impact
of the cervical LN (cLN) of rats in activation of the immune
system after antigen was microinfused into the cerebrospinal
fluid [38]. It was shown that the cLN respond in an antibody
producing manner for antigen which comes from the central
nervous system, and furthermore, after removing the LN, the
antigen-specific antibody titre in the serum was perceptably
reduced. It was concluded that the LN is important for the
induction of a humoral immune response to central nervous
system antigens [38]. After recognizing the cLN as the brain-
draining LN, Phillips et al. hypothesized that the LN play a
role in multiple sclerosis (MS) as well as in experimental
autoimmune encephalomyelitis (EAE), the animal model
for MS. MS is thought to be an organ-specific autoimmune
disorder and/or a chronic inflammatory disease of the
central nervous system [39] (for more detail see [40]).
Genetic risk factors [human leucocyte antigen (HLA) hap-
lotypes] and also environmental factors (Epstein—Barr virus,
smoking and sunlight exposure) were identified in MS devel-
opment [40]. Pathological demyelination of different brain
areas (cerebrum, brain stem or spinal cord) with axonal
destruction was found. So far, CD4" T cells and CD8* T cells
(adaptive immune system) have also been related to the
disease, as well as natural killer (NK) cells, which belong to
the innate immune system. All these cells were detected in
higher numbers in the patients or specifically in the lesions
[39,40]. Furthermore, anti-inflammatory therapies and
immune modulation are beneficial to the disease process
[39]. The deep and superficial cLN were removed, EAE was
induced and a reduced enhancement of the disease was
found. Different areas in the brain were analysed for EAE
lesions and significant differences were found between
LN-resected and LN-bearing rats [17]. It was concluded that
removing the LN leads to a break in the pathway of immune
cells into the brain which reduces the lesions found normally
in EAE. More than 10 years later this study was repeated and
expanded by van Zwam et al., who were able to show varia-
tions at different stages of the disease (acute, chronic and
chronic relapsing EAE) which seem to be cLN-dependent.
Furthermore, they concluded that tolerance of antigen from
the brain is not induced in the cLN [27]. Thus, they believe
that the brain-draining LN could be a useful target for thera-
peutic strategies against MS. The effect of cLN dissection on
immunoglobulin (Ig) production and S. pneumoniae colo-
nization after nasal vaccination with pneumococcal polysac-
charide was also analysed. Decreased IgA levels were seen
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accompanied by fewer IgA* cells in the serum and the analy-
sed mucosa, and consequentially higher numbers of bacteria
in the nasopharynx lavage [19].

Thus, using the LN dissection technique at peripheral
sites, various studies were able to identify the role of the
draining LN for the induction of a specific immune
response.

The function of mesenteric LN at their draining sites

Several groups are interested in the role of the mLN and
their function in the gut system. Besides lymph vessel can-
nulation, immune response activation was also performed
after dissection of the mLN. MacPherson et al., for example,
conducted many straightforward analyses in this field. They
cannulated lymph vessels in rats after removing the mLN to
analyse the phenotype, behaviour and function of DC in
the intestinal lymph [41] (see also [26]). They demon-
strated that only DC carry an applied antigen into the LN,
where they present the antigen to T lymphocytes [42].
Following-up this question, they found that intestinal DC
migrated into the LN, whereas another DC subset (plasma-
cytoid DC) did not [43]. After isolating them, they also
looked at the function of these migrating DC. They
reported that subpopulations of intestinal DC induce T
cells to become a different subtype; for example, by produc-
ing cytokines such as interleukin (IL)-10 to induce regula-
tory T cells or IL-2 to induce a T helper type 1 (Thl)
phenotype [44]. Rothkotter et al. [21] are also pioneers in
the field of lymph cannulation; they examined the lymph
fluid of pigs for all migrating cells and described the pres-
ence of different T cell subsets and immunoglobulin-
producing cells.

In our studies, we were interested in the role of the mLN in
immune responses triggered by the application of cholera
toxin (CT) [20]. Administration of CT induced an increase
of germinal centres and an increased number of antigen-
specific IgA* cells in the mLN. These antigen-specific cells
were also found in higher numbers in the lamina propria of
the gut, producing high amounts of antigen-specific IgA
(Fig. 3) [20]. Thus, we hypothesized that the mLN play an
important role in the induction of a specific immune
response initiated in the gut. To our surprise, we found far
higher numbers of antigen-specific IgA* cells in the lamina
propria of mLN-resected rats compared to mLN-bearing
animals. In addition, higher amounts of antigen-specific IgA
were measured in the gut lavage [20]. We concluded that the
mLN plays a role not only in the induction of an antigen-
specific response, but more significantly in the regulation of
this immune response. Furthermore, there was an increase in
the proliferation and number of germinal centres in the
spleen. Activated B cells and antigen-specific IgM* cells were
detected and increased amounts of antigen-specific IgM
were seen in the serum of mLN-resected rats [20]. Using this
experimental setup, not only could the role of the mLN be
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Fig. 3. The number of antigen-specific
immunoglobulin (Ig)A* cells in the lamina
propria is increased after mesenteric lymph
node (mLN) resection. Immunofluorescence
staining of the lamina propria of the gut in
mLN-bearing and mLN-resected rats, which
had been treated with cholera toxin (CT), was
carried out with antibodies against IgA (green)
and CT (red); 4’,6-diamidino-2-phenylindole
(DAPI) was used to visualize all cells.
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CT-specific IgA* cells (arrows) are seen in both 1S
groups, but to a greater extent in mLN-resected

animals.

analysed, but the importance and influence of other tissues
on immune response induction could also be addressed.
Recently, a study was published in which the gut tropism
of effector cells was analysed after removal of the mLN [45].
Antigen-specific T lymphocytes were injected into mLN-
bearing and mLN-resected mice. Afterwards the mice were
treated with ovalbumin and retinoic acid by subcutaneous
injection, and the up-regulation of gut-specific homing
molecules on these T lymphocytes was measured within
peripheral LN, as well as the gut. It was shown that after
treatment with ovalbumin and retinoic acid at the peripheral
site, effector cells were generated which home to the gut
region independent of the presence of the mLN [45].
Other groups working on graft-versus-host disease
(GVHD), which is a major problem after transplantation,
removed LN to analyse the survival of the graft as well
as the host. Lick ef al. studied extensively the effect of mLN
resection after small bowel transplantation in the depen-
dence of major histocompatibility complex (MHC) expres-
sion. After removing the mLN the animals survived
transplantation, whereas mLN-bearing rats died within 2
weeks. Furthermore, MHC molecules were found to play a
major role in GvHD and the mLN were also involved in
this process by sending lymphocytes to the small bowel
graft [46-48]. However, the dependence of graft survival
and LN were also analysed by other groups. They all con-
cluded that the regional LN of the graft are responsible for
the GvHD, independent of the location of the transplanta-
tion [49-51]. Recently, Panoskaltsis-Mortari et al., using the
bone marrow transplantation (BMT) model, showed accu-
mulation and proliferation of T cells in the LN and spleen
[52]. Further studies identified cell surface molecules such
as CD103, leucocyte function-associated antigen-1 (LFA-1)
or L-selectin and B7 integrin on T lymphocytes, which
enables them to migrate in a molecule-dependent manner
to the target organs [9,53,54]. In all these studies the
absence of the molecules increased the animals’ survival.
Furthermore, DC, which imprinted lymphocytes, were
identified as playing a major role in GvHD [55]. Thus,
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removing the mLN not only allowed the identification of
various specific cells coming from the draining area, but
also showed the impact on immune responses triggered in
the LN.

The role of LN in tolerance induction

A further function of LN is the induction of mucosal
tolerance. Oral tolerance is the unresponsiveness of
the immune system on recognizing a harmless antigen.
This phenomenon has hardly been studied and is little
understood. The presence of DC and also regulatory T cells
(Tiegs) coming from the draining area seem to be essential for
the induction of tolerance after feeding low doses of antigen
[56-58]. Recently, it became clear that CD103* DC which
migrate permanently from the lamina propria to the mLN,
carrying in the majority of cases microbial antigens from
the commensal bacteria, produce IL-10, transforming
growth factor (TGF)-B, retinoic acid and indoleamine-2,
3-dioxygenase (IDO) [57,59-62]. All these factors resulted in
a tolerogenic phenotype of the DC which drive the induction
of forkhead box protein 3 (FoxP3*) Ti. These Tre sup-
pressed Thl and Th2 responses. Furthermore, tolerance
induced via feeding high doses of antigen resulted in anergy
or depletion of antigen-specific cells [58,63]. Plasmacytoid
DC seem to be responsible for this reaction [58]. To identify
the role of the LN in mucosal tolerance induction, LN were
removed and the lymph vessels regenerated. It was found
that without the presence of the mLN oral tolerance was no
longer inducible [57]. These findings are in line with a pre-
vious study, where nose-draining LN were removed and
intranasal tolerance was induced. It was shown that tolerance
was also prevented after removing all or two specific LN
from this area [15]. Thus, LN of the draining area of the
mucosal site are essential for the induction of mucosal
tolerance. In future it will be interesting to study whether the
LN is important as a meeting point of immune cells or
whether the presence of a specific cell population within the
LN is necessary.
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The role of LN during infection

Other groups were interested in infection models. Different
bacteria strains were injected and the development of the
infection was analysed. Voedisch et al. infected control mice,
CCR?7-deficient mice and mice treated with a Toll-like recep-
tor (TLR)-7/8 ligand (R848) with S. typhimurium to identify
DCs as the major cell type carrying the bacteria into the
mLN [22]. Compared to the control mice they found higher
numbers of S. typhimurium in the mLN of R848-treated
mice, which enhance the migration of DC from the gut to
the mLN and reduce bacteria in CCR7-deficient mice where
DC migration is disturbed. In a second step, they removed
the mLN and infected the mice with S. typhimurium to iden-
tify the role of the mLN in expansion of the bacteria over the
body. They detected higher numbers of bacteria in liver and
spleen compared to mLN-bearing mice. Thus the mLN act as
a barrier to S. typhimurium infection [22]. During Trypano-
soma cruzi infection an mLN-dependent course of disease
was also shown, whereby in this study the impact of T cells
was more focused [64]. It was shown that T cells underwent
caspase-9-dependent apoptosis after infection within the
mLN, and atrophy developed for that reason. After removing
the mLN the infection of T. cruzi increased compared to
sham operated mice. It was concluded that mLN T cells are
crucial for the control of T. cruzi infection [64]. In contrast
to this study, Egan et al. found increased numbers of CD4*
T cells and also yd T cells migrating from the skin through
the afferent lymph after Lucilia cuprina infection in sheep.
Furthermore, they analysed the mRNA level of these cells
within the lymph and found higher levels of inflammatory
cytokines such as IL-1B and IL-8 in cells cannulated after
infection [65]. Other authors infected two different sheep
strains with Trichostrongylus colubriformis, whereby one was
resistant and the other was susceptible to the pathogen, to
identify the mechanisms of the parasite during infection
[66—69]. They removed the mLN of the sheep and cannu-
lated the lymph to analyse the cells for their expression
pattern. In the first study, increased levels of Th2 type and
proinflammatory cytokines such as IL-5, IL-13 and tumour
necrosis factor (TNF)-o were detected in the resistant sheep
compared to the susceptible ones [68]. Furthermore, they
showed a changed intestinal microenvironment towards
Th2 response-increased specific antibody production after
repeated infection [67,69] and an increase of anti-oxidant
activities using the microarray technique in cannulated cells
[66]. A similar life-saving role of LN was published many
years ago by other groups for M. leprae and L. tropica
infection. The bacteria were injected into the footpad of mice
after popliteal adenectomy and a severe exacerbation of the
disease was measured [13,70]. In contrast, in immune
responses to diphtheria toxin or in viral infection (influenza
virus PR8) no significant difference between LN-resected
and LN-bearing mice was detected [18,71]. Thus, LN are
involved strongly in the induction of immune responses in
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‘ Immune responses in the head neck region

.’ Experimental autoimmune encephalomyelitis (EAE)
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Fig. 4. The role of lymph nodes (LN) in research. LN are unique
organs distributed all over the body. They have to filter the lymph
for incoming antigens from the draining area to defend the body.
Removing the LN leads to various different responses in the body.
For example, the immune response in the gut system is enhanced
after LN dissection, whereas the immune responses in the head—neck
region are diminished.

many different inflammatory conditions, so they play a
major life-saving role in infections [19,22,64,72].

Conclusion and future prospects

There is experimental evidence to support which cell types
migrate from the draining area to the LN and which func-
tion a specific cell type has in the induction of an immune
response. Immune cells come together in the LN to induce
a protective, directed and synchronized reaction, but many
questions about the function and role of LN within the
systemic organization remain to be answered. One area of
research is the decision process within the LN to induce an
immune response or tolerance to foreign or self-antigen.
Therefore, LN dissection is an important method with
which to examine all these questions (Fig.4). Further-
more, therapeutic advantages have been found in animal
models in many different diseases after LN dissection,
and these also need to be determined in more detail.
Understanding the mechanism of immune response or tol-
erance induction within the LN, and also the role of LN in
systemic reaction, will lead to new insights for therapeutic
studies.
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