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The neural hard-wired pathways in which the lymphoid organs are innervated by the nervous
system is of special interest with respect to suggested afferent and sensory systems informing
the central nervous system about the status of the immune system. Until today efferent also like
afferent innervation seem to be unspecific, targeting many types of cells by affecting many cells
at the same time. We for the first time show that antigen presenting cells (APC) are abundantly
innervated in the T-cell enriched area, the subsinoidal layer and the cortical extrafollicular zone of
lymph nodes in rats by a mesh of filamentous neurofilament positive structures originating from
single nerve fibers and covering each single APC similar to a glass fishing float, so that we termed
them “wired” APC (WAPC). These wAPC also found in humans seem to be restricted to the cell body,
not to follow membranous extensions, they may be dynamic and receptive as MAP2 is expressed
and axonal growth cones can be detected and they probably lack vesicular activity through missing
synaptophysin expression. The specific innervation targeting single cells which show a distribution
divided in several areas in one lymph node suggests a form of topographically organized afferent
sensory system.

The bi-directional communication between the central nervous system (CNS) and the immune system

is an essential part of research in the field of psychoneuroimmunology, a scientific discipline founded

nearly 40 years ago by Robert Ader and Nicolas Cohen'. Beside the long known humoral pathways, in

the last years the focus on neural - or so called hard wired - pathways has emerged. And although in
© mammalian there is a large amount of knowledge about the sympathetic system and the efferent inner-
. vation of primary and secondary lymphoid organs, relatively little is known about afferent pathways or
. the role of the parasympathetic system?.

Taking a closer look on the innervation of secondary lymphoid organs with focus on lymph nodes
many results have been achieved decades ago. Today with the fact of autonomic innervation of lymphoid
organs still being absent in most standard textbooks, sympathetic efferent innervation is established by
methods of staining for catecholamines and their cotransmitters like neuropetides, silver impregnation,
neurectomy or tracing experiments®%. Until today only a handful of papers touched the possible afferent
pathways, mostly by functional and morphological neuroanatomy or vagotomy experiments respectively.
Interestingly, no discrimination between viscera draining and skin draining lymph nodes regarding pos-
sible afferent innervation has been made, as the latter ones are probably no target of the vagus nerve.
Anyhow, in both pathways only wide or close junctional neurotransmission has been suggested, so that -
in a general opinion - the influence of the CNS on functions in the immune system follows the principles
of volume transmission, with innervation not being restricted to the endothel, but also targeting cells in
the parenchyma. Regarding the sensible vagus-related innervation of the lymph node, a role for neuro-
peptide containing nerve fibers has been suggested as has been a sensory system in which immune cells

report the immune status to the CNS, but no morphological suggestion has been made until today®'2
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Turning the eye on the lymph node cell population as the target of efferent like also afferent innerva-
tion it has been proved, that beside the known endothelial innervation most of the nerve fibers reach-
ing the surrounding parenchyma avoid the B-cell follicles®'>!3. So except the latter region nerve fibers
have been found in all three anatomical defined areas, cortex, paracortex and medulla, taking into con-
sideration that also alternative models exists. Beside the lymphocyte cell population, which has most
times supposed to be the candidate for the bi-directional communication, the organ is built up of stro-
mal cells, cells of the so called mononuclear phagocytic system and the dendritic cell (DC) population
with some overlaps in their characterization and sometimes no clearly visible distinction'®. So there is
not only an ongoing discussion about the relationship between macrophages and DC' (Conference
Macrophages and DC reunited, Canada 2015), it still is debated, what makes up the differences between
the various described DC subpopulations and their origin and function. So the actual known DC can be
antigen-librarys, can be migratory and resident, can obtain antigen in the periphery or soluble antigens
in conduits for presenting it to lymphocytes and they even can be a part of and also control the recently
discovered conduit system of the lymph node beside fibroblastic and marginal reticular cells'®-*. And
with macrophages closing more and more gaps to the functions of DC, the flexibility of these two antigen
presenting cell (APC) populations seem to be infinite, so they also may be ideal candidates for commu-
nicating with the nervous system?

In this work, we not only found that there is a tremendous amount of short branched axonal struc-
tures in the T-cell enriched area, we also show for the first time, that single cells with APC character are
“wired” to single nerve fibers by a dense and closely associated meshwork of neural structures covering
the cell body. And because of their first characterization done here, we propose that this cells could func-
tion as a dynamic afferent sensory system for the CNS to get detailed information on single cell level in
a topographically organized manner about ongoing immune responses.

Results

Our first approach was based on the fact that it has been very difficult to stain neural structures in the
lymph node in general, whereas almost every experimental trial has used fixated tissue obtained by var-
ious methods. We thought that it would be best to use tissue as much untreated as possible, so we took
freshly prepared cryo-sections of snap frozen lymph nodes of the rat for staining with anti-neurofilament.
The stunning results showed even in the first section a manifold of neural structures and an intensive
innervation of the lymph node parenchyma beside the known innervation of the vasculature. Thick
and branched axons were visible mainly in the medullary part of the lymph node, which appeared to
be different of the fine fibers staining around the blood vessels (Fig. 1 image A,B). A closer look at
the tissue parts reached by nerval structures revealed beside innumerable nerve-fibers also single cells
which are enclosed with a very thin and filamentary mesh that showed neurofilament staining, and
because of their following characterization with APC-related markers together with their connection
to single nerve fibers we would like to refer to that cells in the following with the term “wired-antigen
presenting cells” or wAPC. These wAPC like the countless nerve-fibers were located in deliminated
areas above the medulla, neither in B-cell follicles nor close to high endothelial venules, and mainly
in the T-cell enriched region, which we proved by anti-CD3 and anti-endothelial (RECA-1)-staining
(Fig. 1 image A,B, Fig. 2 image A,B and supplement Figure S1). Some wAPC seemed also to be dispersed
in the subsinoidal layer, but nerve fibers which seemed not to be “hard-wired” to cells dominated in this
region (Fig. 1 image C,D). The arrangement of that wAPC containing areas in the T-cell enriched region
did not show a continuous course across the lymph node parenchyma as someone would expect from
the concept of a continuous paracortex, the areas are rather clearly discontinuous and most times center
below a cortical region which was in between two B-cell follicles and also contained some interspersed
wAPC (Fig. 2 image A). The wAPC were always polymorph cells with much cytoplasm and a large light
staining nucleus and the neurofilament positive mesh originating from single nerve fibers was regularly
covering the cell body very closely similar to a glass fishing float as shown in Fig. 2 image C-E. This
round and mostly oval structure of the neural mesh around the wAPC cell body seem not to follow any
cellular membranous extension (Fig. 3 image B and Fig. 4 image B), which could be expected because of
the dendrites normally formed by DC and to a lesser extent also by macrophages.

Next we wanted to know if the wAPC are potentially dynamic and possibly receptive, and therefore
associated with other neural markers like MAP2, which is more related to neurogenesis and indicating
dendritic and receptive structures in the CNS*, and an antibody for marking axonal growth cones,
only to get a first hint. We found positive results both for MAP2 and the anti-growth cone 2G13p, the
results are shown in supplement Figure S2. MAP2 shows a granular and dotted signal whereas neurofil-
ament stains for the typical filamentous structures. Both signals turned out to be colocalized around the
wAPC, with the MAP2 signal seeming to surround the neurofilament signal and cells only with MAP2
expression could been found, but nearly no neurofilament positive cell without MAP2 could be detected.
Axonal structures located in the medullary region did not show any MAP2 expression. Axonal growth
cones are stained in between the wAPC and often show partly coexpression with neurofilament in their
proximal part. Also here, no medullary axonal growth cone could be detected, and also the B-cell follicles
and subsinoidal layer were devoid of that structure.

It was an obvious question that followed, namely which type of immune cell would be the can-
didate for representing the wAPC reached by that neural structures. Because of the above described
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Figure 1. Nerval structures are manifold throughout the lymph node. Superficial cervical lymph nodes
of DS rats stained with monoclonal anti-neurofilament (green). Image (A) shows an overview (20 fold) of
the lymph node and Image (B,C) are magnifications of sections of Image (A) (also 20 fold). The intensive
and varying staining patterns of the different anatomical areas of the node can be seen in (A). Whereas
Image (B) shows the axonal structures coming as a thick nerve from the hilus, splitting up to finer fibers
along their way through the medulla (white arrowheads) and being clearly separated from the also stained
fine nerve plexus following the vasculature (white arrows). Image (C) and also image (D) (40 fold/from
another node) show the intensive innervation of the subsinoidal layer and the missing innervation of the
B-cell follicles. wAPC could be seen in all images in the T-cell enriched zone and-to a lesser extent-in the
subsinoidal layer. Cx—cortex/T-z-T-cell enriched zone/md-medulla/hl-hilus/ssl-subsinoidal layer/B-f-B-cell
follicle.

morphology we suggest that APC should be a good candidate, so we decided to use DC and macrophage
markers that have turned out to be successful in rats, for probing that hypothesis, namely MHC II, CD4,
CD11b, CD11¢, CD103, CD68 and SIRPa**~2, which we stained in different combinations. Four results
could be stated: First, all wAPC express high levels of MHC II, which could nicely be seen in the colo-
calization in Fig. 3 image A,B. Second, except MHC II and SIRPq, there is no marker positive for nearly
all of the wAPC, it seems as if every wAPC expresses its own subset of CD4, CD11b, CD11¢, and CD103
as outlined in Fig. 4, with some wAPC being negative for all markers and many other cells positive for
one or more markers but without any neural contact. Another striking feature noticed was the fact that
third, more than % of the wAPC express the more macrophage related marker CD68 (Fig. 3 image C,D).
Proceeding with that, the picture completely changed when staining for SIRPa, so we fourth found not
only a nearly complete colocalisation between neurofilament positive and SIRPa positive wAPC, even
the staining pattern turned out to be identical as if the nerval structures express SIRPo themselves (sup-
plement Figure S3). As CD90 was also used in defining rat APC and shows a similar tissue representa-
tion like SIRPov namely in neurons like in immune cells we tested its expression with the wAPC, but
with CD90, there was no colocalization detectable. Beside that remarking results, we wanted to exclude
the possibility that also other stromal cells could be candidates for the wAPC, so we used the markers
Podoplanin and CD31 for the recently discovered stromal cells and also S100 used by another group for
marking another cell type reached by nerval structures®!3-20. All this markers turned out to be negative
(data not shown) underlining the characterization of the wAPC as being an innervated APC.

The last question we wanted to ask at this stage was, as if we can find any first hint for the origin of
the wAPC innervation. As the complete work to do for elucidating the CNS pathways (current work is
in progress) would be beyond the scope of this late-breaking but short report, we decided to test for the
sympathetic origin®® with two approaches: First we checked for synaptical transmission. As with that
type of transmission vesicles are used, we stained for synaptophysin. The results show clearly that there
is no synaptophysin expression located at the wAPC, whereas we found a known expression with the
medullary and vasculature related neural structures innervating the endothel. Second, we did an anter-
ograde tracing by injecting Fluoro-Ruby into the ganglion cervicale superius for tracking the related
sympathetic efferences and subsequently stained for neurofilament. According to that preliminary data,
the tracing signals we identified, seemed to be not colocalized with the wAPC (supplement Figure S4).
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Figure 2. Uncovering the wAPC. Superficial cervical lymph nodes of DS rats stained with monoclonal
anti-neurofilament (green) and DAPI (blue). Image (A) shows two B-cell follicles in the cortex region of the
lymph node with a part of the underlying T-cell enriched zone. The wAPC are located mainly in the T-cell
enriched zone, but continue also in the interfollicular area (white arrowheads) by excluding the follicles.

A clear discontinuity between two wAPC areas (white arrows) in the T-cell enriched zone could be seen
(white double arrow-ended line). Image (B) shows the dense innervation of wAPC in the T-cell enriched
region, with single cells reached by single nerve fibers (20 fold and 40 fold respectively). Image (C) as a
3D reconstruction (z-stack) shows one single wAPC reached by one nerve fiber, and illustrating the dense
mesh around the cell staining with DAPI for a large nucleus (100 fold). Image (D,E) show the filamentary
structure of the mesh around the wAPC resembling a “glass fishing float” (100 fold). Cx - cortex/T-z -
T-cell enriched zone/B-f-B-cell follicle.

Figure 3. All wAPC seem to be APC and express MHC II and the majority also express a macrophage
marker. Superficial cervical lymph nodes of DS rats stained with monoclonal anti neurofilament (green)
and monoclonal anti-MHC II (orange) in Image (A,B), and anti neurofilament (green) and monoclonal
anti-CD68 (orange) in image (C,D). Image (A) shows the wAPC in the T-cell enriched zone marked by
neurofilament staining and the colocalization with MHC II (40 fold). Image (B) gives a closer look to

the remarkable MHC II expression around two wAPC which are both reached by single nerve fibers and
illustrates the neural mesh restricted to the cell body not covering membranous extensions like dendrites
(100 fold). Image (C) shows the wAPC in the T-cell enriched zone marked by neurofilament staining and
the colocalization with CD68. Clearly, the macrophage related marker CD68 appears in more than % of
all wAPC. Image (D) gives a closer look on the intracellular lysosomal CD68 signal. (Both 40 fold, D is a
magnification of a section of image (C)).
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Figure 4. Every wAPC expresses different APC surface markers. Superficial cervical lymph nodes of DS
rats stained with monoclonal anti neurofilament (green) and monoclonal anti-CD11b/c (orange) in Image
(A) (40 fold) and (B) (100 fold), monoclonal anti-CD103 (orange) in Image (C) (20 fold) and monoclonal
anti-CD11b/c (orange) and monoclonal anti-CD4 (purple) in Image (D) (100 fold) and E (100 fold). Image
(A) points out some wAPC expressing CD11b/c (white arrows) and some not (white arrowheads), by also
showing some CD11b/c positive cells without neurofilament staining (white asterixes). Image (B) shows two
WAPC close together, one expressing CD11b/c and the other being negative for that marker and illustrates
the neural mesh restricted to the cell body not covering membranous extensions like dendrites. Image

(C) as another example shows some wAPC being positive for CD103 (white arrows), some being negative
(white arrowheads) and some cells being positive for CD103 which have no neurofilament staining (white
asterixes). Image (D) displays the very heterogenous expression of the surface markers CD11b/c and CD4
with some wAPC expressing none (white arrowhead) and others all three of them (Image E of the same
area). T-z — T-cell enriched zone/B-f — B-cell follicle.

It should be noticed that at the time of this publication, we already confirmed the existence of wAPC
in other vertebrates, including humans and astonishingly also in T-cell deficient mice (supplement Figure
S5).

Discussion
With this new type of innervation morphology, where the wAPC described here were closely covered by
a neural meshwork, many questions arise.

As we have shown, there is formidable evidence, that the wAPC are in fact antigen presenting cells
because of their expression of many typical markers of dendritic cells and also macrophages. On the
other side we were not able to define a specific subset of markers which characterizes all of the wAPC
and with just CD68 as a typical macrophage marker marking the majority of wAPC that also express
DC markers and that also anatomically should be mostly DC in that T-cell enriched region, the question
about the differences between macrophages and DC raises again. One result is in need of an explanation
through further investigations: the complete colocalisation between the neurofilament and the SIRPa
staining, namely which type of cell does express SIRP«, the wAPC themselves or the endings of the nerve
fibers covering them, hereby taking into consideration that SIRPa expression has already been shown in
neurons®. The origin of the SIRP« expression is currently under investigation.

Looking at the arrangement of the wAPC areas and their discontinuous course through the para-
cortical and T-cell enriched region, it points out a concept that has almost fallen by the wayside: The
concept of the deep cortex first suggested by Sainte Marie and colleagues?’. Therefore we suggest that
every wAPC-area corresponds to a deep cortex center and the interspersed wAPC in the cortical regions
between B-cell follicles would therefore be located in the extrafollicular zone being one part of the
peripheral cortex.

So with the characterization of the wAPC as an antigen presenting cell neurally hard-wired and
grouped in separated areas in the T-cell enriched region one very important question is whether the
wAPC function as an efferent or afferent system of the central nervous system.
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To get first hints, we did the synaptophysin staining and the tracing experiments outlined above. As
the tracing experiments strongly emphasized a non-sympathetic origin, also the missing synaptophysin
expression nearly excluded a noradrenergic innervation by sympathetic nerve fibers, indicating a differ-
ent origin of the wAPC innervation and enhancing an afferent and therefore possibly sensory role of
that cells.

Beyond that, the fact that synaptophysin can be found in a ubiquitous manner in nearly all vesicular
synaptic transmission, as these molecule can also be used for total synapse quantification independent
from the quality of its transmitters, can give further hints. So the absence of synaptophysin expression in
the area of the neural meshwork surrounding the wAPC does not only point out a missing sympathetic
catecholamine release, it also indicates, that this new nerve- to immune-cell contact we found lacks syn-
aptic vesicular activity in general, therefore probably also all normally existing cotransmitters like purines
or neuropeptides almost always involved in the plurichemical transmission and chemical coding of the
autonomous nervous system.

Consequentially, this missing evidence for vesicular activity together with the fact that all wAPC cell
bodies seemed to be in a very narrow contact to the surrounding neural meshwork perfectly fits with
results of other findings. So we propose, that the nerve fibers contacting the wAPC correspond to the
finely myelinated axons with a more electron-lucent matrix and a large number of neurofilaments but
small in diameter and without any synaptic vesicles shown by Novotny?® and that they also may corre-
spond to the sensory neurons in the dorsal root ganglia marked by retrograde tracing but showing none
of the staining for known sensory neuropeptide neurotransmitters described by Kurkowski®. We suggest
that the contact the wAPC membrane builds up to the axonal membrane is similar to that already shown
for axonal contacts to lymphocytes®”?, so it might be in the range of nanometers. These narrow contact
of the wAPC combined with our finding that the neural meshwork always only covers the cell body and
does not follow any membranous extension opens up another interesting possibility in that cell body
and membranous extensions of the wAPC may function as different domains regarding the innervation
whereby we propose a sensory role for the neural meshwork surrounding the cell body of the wAPC.

So presuming a sensory role for the wAPC it is now necessary to address the functional aspect for
this neurally hard-wired organization. As we can see, not every antigen presenting cell marked by the
surface markers used is innervated by a neural meshwork. This taken together with the fact that it has
not been possible to define a subset of cells always expressing a marker combination typical for resident
or migratory antigen presenting cells in other mammals - because this differentiation of resident versus
migratory through surface marker expression is still missing for rat antigen presenting cells - actually
makes it difficult to make a statement about the function of the wAPC. However with our results regard-
ing the dynamics or plasticity of the system through MAP2 and axonal growth cone staining we have
to assume that the innervation of the wAPC we see here in fact is dynamic, not static and may depend
on immunological activity of the innervated wAPC, taking into consideration that in a more general
aspect, plasticity of innervation in mammalian lymph nodes has been shown by other groups in a dif-
ferent context'**”*°. This would foreground a migratory origin of the wAPC in that antigen presenting
cells continuously coming in from the periphery build up neural contacts to sense their immunological
status to the central nervous system, whereas the other and not innervated antigen presenting cells we
identified would belong to the resident population of the lymph node. But as nature always uses many
different pathways, we cannot exclude the alternative, that also some of the resident cells are innervated
as a wAPC occupying other functions and sensing other immunological aspects. Interestingly, combining
both alternatives would be a good explanation for the wired organization in that through contacts with
single cells - resident also as migratory - the central nervous system would get the possibility to locate
immunological events more precisely. Anyway with the method of immunohistochemical staining it is
only possible to see a “snapshot’, so it will be of high interest to establish functional models for verifying
that assumptions.

Lastely, as only two of the classical three known types of antigen presenting cells seem to be candi-
dates for the wAPC, somebody may ask why B-cells as the third class of that cell type are not innervated.
As B-cells also T-cells are not innervated, so the contact made by the nerve fibers seem to be specific
only for two types of antigen presenting cells (namely dendritic cells and macrophages) and not for
lymphocytes. So that contact may be restricted to antigen presenting cells of myeloid origin, taking into
consideration that also a lymphoid origin of dendritic cells has been postulated. Moreover, the neural
meshwork is exclusively found in a specific region (Paracortex), it seems not to be specific for a cell type,
though most immune cells are concentrated in separate regions but also can be found dispersed through
the rest of the lymph nodes tissue, where no single wAPC occurs. And as the B-cell gets their full activa-
tion through the second signal by a T-cell also in the innervated paracortical region, these wired nerval
organization if sensory may be for sensing immunological events for orchestrating and even guiding
lymphocytes to their respective antigen presenting counterpart.

This leads to a fascinating assumption in that it may be the answer to the unsolved question how
especially T-cells can find one specific and fitting dendritic cell within billions of cells in a short time
frame necessary for an adaptive immune response.

Whereas the completion of the maturation of the B-cell in the germinal center and subsequent affin-
ity maturation through somatic hypermutation eventually does not need control by the nervous system
because it is highly regulated within the follicle through a selective process.
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Conclusion

So with this work, we show for the first time ever a systematic and abundant specific and narrow con-
tact between single and not endothel-associated nerve fibers and single cells with APC character via a
“wired” cell enclosing neural mesh in lymph nodes of the rat which revealed a multitude of innervated
cells grouped in a specific area that has even not been supposed until today.

These wAPC showing: (1) a narrow cell covering contact, (2) signs for neural plasticity and (3) a
missing sympathetic and therefore probably not efferent innervation strongly indicate directed informa-
tional contact to single cells, a phenomenon often seen in mammalian sensory systems. So we suggest
these wAPC to be sensory cells of an afferent pathway, postulated also by other groups and among other
being the distal receptive part of the already traced pseudounipolar neurons and their peripheral axon
with dendritic character'™!2?%? With this system it would not only be possible for the nervous system
to get topographical information about the location of immune threats, it may also be an approach for
solving the question how the T-cells find their antigen presenting counterpart, in that the nervous system
could guide these two cell-types being the central part of adaptive immune responses. It will be of great
importance to find out the type of contact these wAPC build up to the nerval structures covering them
as to handle the major questions concerning plasticity or static organization of the system, the origin and
fate of the Wapc’s and to a great extent, what they “hear” and to whom they “talk”.

Materials and Methods

Immunohistochemistry/Immunofluorescence. Surgical explanted and without further fixation
procedures directly snap frozen superficial cervical lymph nodes (LN) and brains (control tissue) of
untreated and traced (see below “Tracer application”) Sprague-Dawley rats (250-280g) were purchased
from Harlan Laboratories GmbH (The Netherlands). Surgical explanted and without further fixation pro-
cedures directly snap frozen superficial cervical lymph nodes (LN) and brains (control tissue) of athymic
Nude-Foxn1™ Mice (NMRI) were purchased from Harlan Laboratories GmbH (The Netherlands).

All experimental procedures were approved by the DEC-Consult Animal Ethics Committee, Utrecht,
The Netherlands, number HAR-0005 according to all applicable rules, laws and regulations.

Human normal lymph node samples (healty, 60 years old donor) were purchased as frozen tissue
slides (Cat No.: T1234161) from the BioChain Institute, Inc. (BioCat. GmbH, Heidelberg, Germany).

All human tissue samples were collected with informed consents from the donors and their rela-
tives, or collected under the FDA Guidance document issued on April 25, 2006 entitled “Guidance on
Informed Consent for In Vitro Diagnostic Device Studies Using Leftover Human Specimens That Are
Not Individually Identifiable” as delinked tissues which do not require informed consent from the donor,
complying with all requirements set forth by Guidelines for Writing Informed Consent Document, the
Office of Human Subjects Research (OHSR), National Institutes of Health (NIH). U.S. Department of
Health and Human Services (DHHS).

20pum cryo-sections were prepared with a Leica CM1850 cryostat, dried for 20 min. at room tem-
perature and fixed in cold Aceton Methanol (1:1). Tissue sections were blocked with Super Block
(ScyTek Laboratories (Logan, Utha, USA). Primary antibodies were rabbit anti-MAP2 (polyclonal)
(1:500; SYSY, Géttingen, Germany), rabbit anti-synaptophysin (SP11) (1:200; DCS, Hamburg, Germany),
mouse anti-CD11c (8A2) (1:100; AB-online, Aachen, Germany), mouse anti-CD11b/c (0X42) (1:500;
Abcam plc, Cambridge, UK), mouse anti-CD103 (OX62) (1:100; Abcam plc, Cambridge, UK), mouse
anti-SIRPalpha (OX41) (1:100; Abcam plc, Cambridge, UK), mouse anti-MHC II (OX6) (1:500; Abcam
plc, Cambridge, UK), mouse anti-CD4 (W3/25) (1:100; Abcam plc, Cambridge, UK), mouse anti-CD68
(ED1) (1:100; Abcam plc, Cambridge, UK), mouse anti-CD90 (OX7) (1:100; Abcam plc, Cambridge,
UK), mouse anti-Growth Cone (2G13) (1:5; Abcam plc, Cambridge, UK), mouse anti-Podoplanin
(LE3(B7)D5B3) (1:100; Acris Inc., Herford, Germany), mouse anti-RECA-1 (HIS52) (1:50; Covalab SAS,
France), rabbit anti-CD3 (SP7), (1:200; DCS, Hamburg, Germany), rabbit anti-S100B (polyclonal) (1:200;
Boster Biological Technology, Fremont, USA), rabbit anti-S100B (polyclonal) (1:200; AB-online, Aachen,
Germany) and mouse anti-NF (SMI312) (1:1000; BioLegend, San Diego, USA).

Primary antibody incubation for 60min., followed by 15min. incubation of secondary antibodies,
goat anti-rabbit-DyLight 549 (1:700; DCS, Hamburg, Germany), goat anti-rabbit-Alexa 488 (1:700;
DCS, Hamburg, Germany), goat anti-mouse-DyLight 549 (1:700; DCS, Hamburg, Germany), goat
anti-mouse-Alexa 488 (1:700; DCS, Hamburg, Germany). Slides were mounted using Vectashield Hard
Set mounting medium with DAPI (Vector Laboratories, Burlingame, CA, USA).

To avoid cross-reaction, primary antibodies used in multicolour staining were conjugated with: Cy3
(Cy3 Fast Conjugation Kit/Abcam plc, Cambridge, UK), FITC (FITC Fast Conjugation Kit/Abcam plc,
Cambridge, UK), HiLyteFluor 647 (AnaTag HiLyte Fluor 647/ANASPEC, Inc., Fremont, USA) and
HiLyteFluor 488 (AnaTag HiLyte Fluor 488/ANASPEC, Inc., Fremont, USA).

Every antibody staining was established and validated on appropriated control tissue, e.g. brain.

Tracer application. 5 Sprague-Dawley rats (250-280 g) were anesthestized with pentobarbital sodium
(20mg/kg, i.p.). A total volume of 1pl of 30% Fluoro-Ruby (Merck KGaA, Darmstadt, Germany) in dis-
tilled water was injected into the superior cervical ganglion. After survival for 7 and 14 days, the animals
were killed and the ipsilateral cervical lymph nodes were removed and snap frozen.

SCIENTIFIC REPORTS | 5:16866 | DOI: 10.1038/srep16866 7



www.nature.com/scientificreports/

References
. Ader R. & Cohen N. Behaviorally conditioned immunosuppression. Psychosom Med 37, 333-340 (1975).
. Bellinger D. L. & Lorton D. Autonomic regulation of cellular immune function. Auton Neurosci 182, 15-41 (2014).
. Janig W. Sympathetic nervous system and inflammation: a conceptual view. Auton Neurosci 182, 4-14 (2014).
. Quan N. In-depth conversation: spectrum and kinetics of neuroimmune afferent pathways. Brain Behav Immun 40, 1-8 (2014).
. Elenkov I. J,, Wilder R. L., Chrousos G. P. & Vizi E. S. The sympathetic nerve-an integrative interface between two supersystems:
the brain and the immune system. Pharmacol Rev 52, 595-638 (2000).
6. Felten D. L., Felten S. Y., Carlson S. L., Olschowka J. A. & Livnat S. Noradrenergic and peptidergic innervation of lymphoid
tissue. J Immunol 135, 755s-765s (1985).
7. Novotny G. E. & Kliche K. O. Innervation of lymph nodes: a combined silver impregnation and electron-microscopic study. Acta
Anat (Basel) 127, 243-248 (1986).
8. Huang J. et al. S100+ cells: a new neuro-immune cross-talkers in lymph organs. Sci Rep 3, 1114 (2013).
9. Berthoud H. R. & Neuhuber W. L. Functional and chemical anatomy of the afferent vagal system. Auton Neurosci 85, 1-17
(2000).
10. Dantzer R., Konsman J. P, Bluthe R. M. & Kelley K. W. Neural and humoral pathways of communication from the immune
system to the brain: parallel or convergent? Auton Neurosci 85, 60-65 (2000).
11. Goehler L. E., Gaykema R. P, Hansen M. K., Anderson K., Maier S. F. & Watkins L. R. Vagal immune-to-brain communication:
a visceral chemosensory pathway. Auton Neurosci 85, 49-59 (2000).
12. Weihe E. ef al. Molecular anatomy of the neuro-immune connection. Int | Neurosci 59, 1-23 (1991).
13. Novotny G. E., Heuer T,, Schottelndreier A. & Fleisgarten C. Plasticity of innervation of the medulla of axillary lymph nodes in
the rat after antigenic stimulation. Anat Rec 238, 213-224 (1994).
14. Turley S. J., Fletcher A. L. & Elpek K. G. The stromal and haematopoietic antigen-presenting cells that reside in secondary
lymphoid organs. Nat Rev Immunol 10, 813-825 (2010).
15. Hume D. A. Macrophages as APC and the dendritic cell myth. J Immunol 181, 5829-5835 (2008).
16. Acton S. E. et al. Dendritic cells control fibroblastic reticular network tension and lymph node expansion. Nature 514, 498-502
(2014).
17. Banchereau J. & Steinman R. M. Dendritic cells and the control of immunity. Nature 392, 245-252 (1998).
18. Gretz J. E., Anderson A. O. & Shaw S. Cords, channels, corridors and conduits: critical architectural elements facilitating cell
interactions in the lymph node cortex. Immunol Rev 156, 11-24 (1997).
19. Malhotra D., Fletcher A. L. & Turley S. J. Stromal and hematopoietic cells in secondary lymphoid organs: partners in immunity.
Immunol Rev 251, 160-176 (2013).
20. Sixt M. et al. The conduit system transports soluble antigens from the afferent lymph to resident dendritic cells in the T cell area
of the lymph node. Immunity 22, 19-29 (2005).
21. Dehmelt L. & Halpain S. The MAP2/Tau family of microtubule-associated proteins. Genome Biol 6, 204 (2005).
22. Maric I, Holt P. G., Perdue M. H. & Bienenstock J. Class Il MHC antigen (Ia)-bearing dendritic cells in the epithelium of the
rat intestine. J Immunol 156, 1408-1414 (1996).
23. Trinite B., Voisine C., Yagita H. & Josien R. A subset of cytolytic dendritic cells in rat. ] Immunol 165, 4202-4208 (2000).
24. Yrlid U. & Macpherson G. Phenotype and function of rat dendritic cell subsets. APMIS 111, 756-765 (2003).
25. Huang E P. et al. A discrete subpopulation of dendritic cells transports apoptotic intestinal epithelial cells to T cell areas of
mesenteric lymph nodes. ] Exp Med 191, 435-444 (2000).
26. Barclay A. N. & Brown M. H. The SIRP family of receptors and immune regulation. Nat Rev Immunol 6, 457-464 (2006).
27. Sainte-Marie G. The lymph node revisited: development, morphology, functioning, and role in triggering primary immune
responses. Anat Rec (Hoboken) 293, 320-337 (2010).
28. Novotny G. E. Ultrastructural analysis of lymph node innervation in the rat. Acta Anat (Basel) 133, 57-61 (1988).
29. Kurkowski R., Kummer W. & Heym C. Substance P-immunoreactive nerve fibers in tracheobronchial lymph nodes of the guinea
pig: origin, ultrastructure and coexistence with other peptides. Peptides 11, 13-20 (1990).
30. Sloan E. K., Capitanio J. P,, Tarara R. P,, Mendoza S. P,, Mason W. A. & Cole S. W. Social stress enhances sympathetic innervation
of primate lymph nodes: mechanisms and implications for viral pathogenesis. ] Neurosci 27, 8857-8865 (2007).

U W N =

Author Contributions
C.W. and H.S.G. conceived and designed the research plan. C.W. wrote the manuscript text, the figures
were prepared by C.W. and H.S.G., and both authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Wiilfing, C. and Giinther, H. S. Dendritic cells and macrophages neurally
hard-wired in the lymph node. Sci. Rep. 5, 16866; doi: 10.1038/srep16866 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:16866 | DOI: 10.1038/srep16866 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Dendritic cells and macrophages neurally hard-wired in the lymph node

	Results

	Discussion

	Conclusion

	Materials and Methods

	Immunohistochemistry/Immunofluorescence. 
	Tracer application. 

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Nerval structures are manifold throughout the lymph node.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Uncovering the wAPC.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ All wAPC seem to be APC and express MHC II and the majority also express a macrophage marker.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Every wAPC expresses different APC surface markers.



 
    
       
          application/pdf
          
             
                Dendritic cells and macrophages neurally hard-wired in the lymph node
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16866
            
         
          
             
                Clemens Wülfing
                Hauke S. Günther
            
         
          doi:10.1038/srep16866
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep16866
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep16866
            
         
      
       
          
          
          
             
                doi:10.1038/srep16866
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16866
            
         
          
          
      
       
       
          True
      
   




