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Chapter 5

Summary
The structural organization of lymph nodes (LNs) allows for an optimal
interaction of immune cells leading to effective immunological responses. As an
integral part of the lymphatic vasculature, the basic cellular structure of LNs
consists of stromal cells forming the fibroblastic reticular system (FRS) and a
separate blood supply. As the LN microenvironment may determine the
outcome of an immune response, we characterized in detail stromal cells within
the LNs. By real time PCR, we showed that LN stromal cells produce various
chemokines and angiogenetic factors, enabling these cells to attract
hematopoietic
cells
and
organize
their
supply
of
nutrients.
By
immunofluorescence, we showed that fibroblastic reticular cells (FRCs) express
TNF-RI, VCAM-1, PDGF-RE, while endothelial cells (ECs) of the high endothelial
venules (HEVs) in the T cell area express LTE-R and TNF-R1. These expression
patterns indicate that stromal cells in the LNs may be influenced by activated
immune cells, leading to structural changes depending on the extent of the
immune reaction. Further characterization of these non-hematopoietic stromal
cells by analysis of CD45, gp38 (podoplanin) and CD200 expression allowed for
the distinction of at least 5 subsets, comprised of ECs (gp38-CD200hi), follicular
dendritic cells (FDCs, gp38hiCD200hi), a small population positive for both EC
and FDC markers (gp38-CD200int), and FRCs (gp38lowCD200int, gp38inthi
CD200int). Upon immune activation, FRCs upregulate expression of CD40,
suggesting the ability to communicate with activated T cells and hereby
modulating immune responses. The results clearly show that stromal cells such
as FRCs form an important functional element in the LNs that can play a
decisive role in the initiation and direction of an immune response.
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Introduction
The induction of effective immune responses requires close interaction of
antigen-specific T cells and antigen presenting cells (APCs) like dendritic cells
(DCs). To efficiently bring about these interactions, T cells and DCs meet in
organized lymphoid organs, such as lymph nodes (LNs), which they enter from
different sites. DCs enter LNs via afferent lymphatics from the drainage tissues
where they have picked up antigen. A prerequisite for this migration is the
upregulation of specific chemokine receptors like CCR7. Naïve T cells that are
circulating in the bloodstream will enter the LN via the high endothelial venules
(HEVs), and also here expression of CCR7 plays a crucial role [1-5]. The two
cell types meet close to HEVs, in the outer paracortex of the LN, the cortical
ridge [6, 7]. Upon antigen recognition, T cells will start to proliferate and
differentiate [8, 9]. This local expansion of T cells requires remodeling of the
reticular matrix of the LNs, the fibroblastic reticular system (FRS) [6, 7, 10].
This FRS is formed by fibroblast reticular cells (FRCs) which ensheath the
conduit system, a fine tubular network that runs from the outer subcapsular
sinus of the LN towards the HEVs that are located in the inner part of the LN.
The conduit system can be visualized by staining for the FRS, which contains
gp38 (podoplanin) and smooth muscle actin (SMA), or extracellular matrix
components of the conduit such as ERTR7 [11]. An apparent feature of
lymphoid organs is their capacity to rapidly accommodate the impressive
immigration and expansion of lymphocytes after strong immune activation. The
remodeling underlying the swelling of LNs and subsequent decrease in size
when inflammatory reactions wane, suggest close interactions between stromal
and immune cells and a more elaborate role of the FRS than just forming a
scaffold. It has already been shown that T cells can influence stromal cells to
produce extracellular matrix components [11]. Furthermore, an example of the
influence of stromal cells on the immune system is our observation that only
nose draining cervical LNs (CLNs) and not peripheral LNs (PLNs) maintain their
ability to induce tolerance after transplantation into the nose draining location
[12]. Since in transplanted LNs, host cells replace all hematopoietic donor cells
but stromal donor cells remain in the graft at 12 weeks after transplantation
(chapter 6), this suggests that tolerance induction is strongly dependent on the
function of stromal cells. To gain further insight in the function of stromal
elements in lymphoid organs, we isolated stromal cells from LNs by cell
sorting. By real time PCR and immunofluorescence staining on LN sections, the
expression of various receptors and the production of regulatory factors were
shown. FACS analysis allowed us to identify different subsets of stromal cells
based on expression of gp38 and CD200 together with specific markers for ECs
and FDCs, and showed responsiveness of stromal cells after immune
activation. These results suggest a intimate interaction between stromal cells
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and immune cells and a clear role for members of the FRS in regulating and
directing immune responses.
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Materials and methods
Mice
Female BALB/c and C57Bl/6J mice aged 8 to 12 weeks were purchased from
Charles River (Sulzfeld, Germany) and kept under standard animal housing
conditions. The DO11.10 transgenic mice were used at 8 to 12 weeks of age
and were bred at our own facilities. The Animal Experiments Committee of the
VU Medical Center approved all of the experiments described in this study.

OVA specific DO11.10 T cell transfer and antigenic stimulation
Spleens from DO11.10 mice were minced through 100 Pm gauze to obtain
single cell suspensions. To deplete erythrocytes from this cell suspension, cells
were incubated for 2 min on ice in lysis buffer (150 mM NH4, 1 mM NaHCO3,
pH 7.4). Cells were washed and resuspended in PBS 2% NBCS and CD4+ T cells
were enriched using the CD4 negative selection kit (Dynal, Oslo, Norway). The
enriched cell suspension consisted of at least 60% CD4+ T cells, as determined
by flow cytometry (FACS Calibur, Becton Dickinson). Naïve BALB/c mice were
injected with approximately 10x106 OVA specific DO11.10 T cells and were
subsequently stimulated by administering 400 Pg OVA in 10 Pl saline
intranasally.
Tissue isolation and stainings
Cervical (internal jugular and superficial) LNs were isolated and either frozen in
TissueTek for immunofluorescence or prepared as single cell suspensions for
FACS analysis. Single cell suspensions were made by cutting LN with scissors,
followed by digestion at 37ºC for 30 min, using Blenzyme 2 (Roche, Penzberg,
Germany) and 100 U/ml DNAse I (Roche, Penzberg, Germany). Cell clumbs
were removed by pipetting the cells over a nylon mesh. The LN cells were
washed and resuspended in PBS with 2% New Born Calf Serum (PBS-NBCS).
Stromal cells were collected by sorting for Alexa-488 conjugated anti-CD45
(clone MP33)-negative cells. To stain for dead cells, 7AAD (Molecular Probes,
Leiden, The Netherlands) was used. For FACS and immunofluorescence
staining, we used PE-conjugated anti-CD40 (eBioscience, San Diego, USA),
PECy5.5 conjugated anti-CD45 (clone 30-F11, eBioscience), biotin-conjugated
anti-DO11.10 TCR (clone KJ1, Caltay Laboratories, Burlingame, CA), anti-gp38
(clone 8.1.1 obtained from the Developmental Studies Hybridoma Bank
(DSHB) at University of Iowa, Iowa City, IA), anti-CD200 (clone OX102, a kind
gift from Dr. R. Hoek, AMC, Amsterdam), anti-PDGF receptor E (eBioscience),
anti-TNF receptor (clone HM104, Alexis Biochemicals, Lausen, Switzerland),
anti-VCAM-1 (clone 429, eBioscience), anti-LTE receptor (clone 4H8 WH2,
Alexis Biochemicals), biotinylated anti-MECA32 (BD Pharmingen), biotinylated
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anti-CD31 (anti-PECAM-1, clone ERMP12, a kind gift from P. Leenen, Erasmus
Medical Center, Rotterdam), biotinylated anti-CD35 (clone 8C12, affinity
purified from hybridoma cell culture supernatants) and biotinylated FDC-M2
(ImmunoKontact, Bioggo Lugano, Switzerland). Secondary antibodies were
Alexa conjugated goat-anti-rat-Fab and Alexa-conjugated streptavidin (both
Molecular Probes). For immunofluorescence, Tyramide Signal Amplification
(Invitrogen) was used to amplify the fluorescence signal.
Real time PCR
CD45- cells were sorted using a Cytomation MoFlo sorter and lysed in Trizol
(Gibco BRL, Breda, The Netherlands). RNA was isolated by precipitation with
isopropanol and cDNA was synthesized from total RNA using RevertAid First
Strand cDNA Synthesis Kit (Fermentas Life Sciences, St. Leon-Rot, Germany)
according to the manufacturer’s protocol. Gene specific primers and primers for
housekeeping genes E-actin and 18S RNA were designed across exon-intron
boundaries using Primer Express software (PE Applied Biosystems, Foster City,
CA). Real time PCR was performed on an ABI Prism 7900HT Sequence
Detection System (PE Applied Biosystems). Total volume of reaction mixture
was 20 Pl, containing cDNA, 300 nM of each primer and SYBR Green Mastermix
(PE Applied Biosystems). To correct for primer efficiency, a standard curve was
generated for each primer set with cDNA from a pool of non-activated CLNs,
PLNs and mesenteric LNs (MLNs) and expression of transcripts was related to
E-actin and 18S RNA.
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Results

molecule

Expressed
by CD45- LN
cells

Gp38

yes

mucin-type
transmembrane
expressed in lymphatic tissues

VCAM-1

yes

Vascular cell adhesion molecule 1, necessary for rolling
and adhesion of cells to the vascular endothelium

CD200

yes

Immunoglobulin membrande type 1 glycoprotein,
expressed by cells of CNS, endothelium and
hematopoietic cells, necessary for regulating immune
responses

CD40

yes

Member of the TNF superfamily, expressed by B cells,
monocytes, dendritic cells, endothelial cells and
epithelial cells, involved in inflammatory processes

CCL19

yes

Chemotactic protein, regulates DC trafficking and
recruitment of naive T cells to the vicinity of activated
DCs, ligand for CCR7

CCL21

yes

Chemotactic protein for lymphocytes, mediates homing
to secondary lymphoid organs, ligand for CCR7

CXCL10

yes

IFNJ-induced chemokine, ligand for CXCR3. CXCR3
binding results in stimulation of monocytes, modulation
of adhesion molecule expression and T cell migration

Flt3L

yes

Hematopoietic cytokine, known for its ability to induce
rapid expansion of DCs

ANG-1

yes

Primary angiogenic growth factor, involved in formation
of blood vessels, ligand for Tie-2

description

glycoprotein,

highly

ANG-2

yes

Antagonist of Ang-1, involved in vascular remodelling

VEGFa

yes

Vascular endothelial
angiogenesis

VEGFb

not detected

VEGFc

yes

“

VEGFd

not detected

“

growth

factor,

involved

in

“

Table I: Expression of various molecules by lymph node stromal cells. Real time PCR
detection of RNA revealed expression of several molecules in LN stromal cells. LN were
isolated and digested by cutting and digestion with collagenase. Single cell suspensions
were made and cells were stained for CD45. Stromal cells were sorted as CD45- cells,
mRNA was isolated and cDNA was made. Molecules that were below detection level are
described as not detected.

101

Chapter 5

LN stromal cells express a variety of molecules involved in
immunological processes
To investigate the role of the non-lymphoid cells in LNs, CD45- LN cells were
sorted (>97% purity) and the expression of several molecules, such as
chemokines, anigiogenetic factors, and molecules involved in immune
regulation including VCAM-1, CD200, CD40 and gp38, was analyzed by real
time PCR. Table I shows the list of molecules that were analyzed. As expected,
gp38 could be detected on these cells, while also the expression of the
homeostatic chemokines, CCL19, CCL21, and CXCL13 was observed. The
expression of (pro and anti-) angiogenetic factors VEGFa, Ang-1, Ang-2 and
the lymphangiogenetic factor VEGFc further supported the reported role of
stromal cells in (re)modeling of the microenvironment [11]. The expression of
Flt3L by these stromal cells suggested that indeed stromal cells may influence
cells of the immune system, since Flt3L has been described to be able to
induce rapid expansion of DCs. Expression of CD40 by stromal cells suggests a
possible interaction with activated T cells, which upregulate CD40L upon
activation.
LN stromal cells express receptors allowing for cellular interactions
and signaling
The observed expression of (lymph)angiogenetic and immune modulatory
factors suggested that stromal cells may alter expression of these factors in
response to immune activation of the surrounding cells within the LNs, but
does not allow to discriminate between possible subsets of stromal cells or
their localization in situ. Using immunofluorescence, we therefore analyzed
tissue sections from LNs for the expression of several of the molecules that had
been identified by PCR (fig. 1). Initial analysis made it clear that the gp38
podoplanin molecule seemed to be expressed on the majority of stromal cells,
so therefore we used this as reference marker. Expression of PDGF-RE was
observed on gp38+ FRCs in the T cell area of the LNs, but was absent in the B
cell follicles. Furthermore, the pericytes around the HEVs were also clearly
expressing PDGF-RE, while the ECs themselves did not express gp38 (fig. 1A).
Also VCAM-1 expression was observed on the gp38+ cells, but in addition
VCAM-1 could be seen on cells that did not express gp38 (fig. 1B). TNF-R1
expression was prominently expressed on gp38+ cells within the T cell area of
the LN, while LTER was virtually absent on from gp38+ FRCs (fig. 1C and 1D).
The HEVs expressed both TNF-R1 and LTE-R, which is further supporting the
observations that signaling through at least the LTE-R is mandatory for the
functioning of these specialized vessels [13].
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Figure 1: In situ localization of stromal cells in lymph node sections. Frozen tissue
sections of LNs were stained for gp38 (blue) together with anti-PDGF-RE (A), anti-VCAM1 (B), anti-TNF-R1 (C) or anti-LTE-R (D) in red. The gp38 staining reveals the majority of
FRCs in the T cell area and FDCs in the B cell follicles in the LNs, enabling the localization
of regional subsets of stromal cells based on the counterstaining.

Identification of immune reactive LN stromal cell subpopulations
The immunofluorescence analysis of LN sections clearly showed the presence
of ECs, FDCs, as well as FRCs among the non-hematopoietic, CD45- stromal
cells. Furthermore, a differential expression of the various molecules showed
that several subpopulations of stromal cells could be distinguished within the
cell lineages. To get a better understanding of the representation of these
subsets, we studied FACS profiles of cell suspensions of pooled PLNs and CLNs.
Earlier studies showed that staining for gp38 and CD200 revealed several
subpopulations in the CD45- stromal cell population (data not shown and fig.
3). By inclusion of a fourth marker for either ECs (MECA32 and CD31) or
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Figure 2: Identification of 5 separate stromal subsets in LNs. LN cell suspensions were
stained with various markers as indicated and stromal cells were identified as CD45cells. Within this population cells were gated on their expression levels of gp38 and
CD200 and further identified based on their expression of EC (MECA32 and CD31) and
FDC (CD35 and FDC-M2) markers. Subpopulation A (gp38-CD200int) is mostly positive for
EC and FDC markers CD31 and FDC-M2. The gp38lowCD200hi cell population
(subpopulation B) was composed of ECs, being positive for MECA32 and CD31.
Subpopulation C (gp38hiCD200hi) consists of FDCs expressing CD35 and FDC-M2. The
remaining 2 populations of gp38lowCD200int (subpopulation D) and gp38int-hiCD200int cells
(subpopulation E) are FRCs.

FDCs (CD35 and FDC-M2), we could identify specific subpopulations of LN
stromal cells (fig. 2). In the CD45- stromal cell population, which comprises
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Figure 3: FACS analysis of CLNs at 72 hours after intranasal administration of OVA to
mice that had received antigen-specific T cells at -24 hrs. Activation of T cells leads to
upregulation of CD40 and CD200 expression on LN stromal cells.

less than 2% of the total LN cell population, the gp38-CD200int cells
(subpopulation A) were mostly positive for EC and FDC markers CD31 and
FDC-M2 respectively. The gp38lowCD200hi cell population (subpopulation B) was
composed of ECs, as all cells within this population were positive for MECA32
and CD31. Our immunofluorescence data however suggests that ECs do not
express gp38 and thus the low expression of gp38 on EC observed here might
have to be regarded as negative. FDCs expressing CD35 and FDC-M2 were
identified as the gp38hiCD200hi cells (subpopulation C) and this was confirmed
by immunofluorescence (data not shown). The remaining 2 populations of
gp38lowCD200int (subpopulation D) and gp38int-hiCD200int cells (subpopulation
E) contained some cells that were positive for EC or FDC markers, but the
majority was negative for these markers, indicating that these cells are FRCs.
After induction of a strong immune reaction in the LNs by introducing antigen
in the presence of large numbers of antigen specific T cells it was shown by
FACS analysis that these FRCs in particular underwent changes by upregulation
of CD200 as well as CD40 at 72 hours after antigen administration (fig. 3).
These results clearly suggest that during immune responses, FRCs can be
influenced by an ongoing immune repsonse.
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Discussion
The importance of stromal elements such as ECs, FDCs and FRCs has been
appreciated for a long time and especially the role of FDCs in B cell
differentiation and that of HEVs in lymphocyte immigration have extensively
been studied. The FRCs on the other hand have not been studied much and are
often regarded as merely supporting the structure of the LNs. Recent advances
in our knowledge on the structure and function of the conduit system and
growing awareness that stromal cells at many sites in the body have an
important regulatory role in the differentiation and homeostasis of surrounding
cells prompted us to study the LN stroma in more detail. Here we show that
based on the expression of markers that are known to be involved in immunoregulatory and homeostatic function at least 5 subpopulations can be
distinguished. Furthermore, different anatomical locations of subsets can be
seen in the LNs, suggestive for local interactions with lymphocytes and myeloid
cells such as dendritic cells. Our observations demonstrate that stromal cells
produce factors that affect (lymph)angiogenesis, and that they express cell
surface receptors that enable them to communicate with immune cells.
Several studies indicate that the microenvironment created by stromal cells is
important for the induction of specific immune responses. For example, we
have shown by transplantation studies that LNs draining the nasal mucosa
contain a microenvironment that is specific and necessary for the induction of
immunological tolerance [12]. Furthermore, it was shown that stromal cells
from the spleen are capable of directing the final differentiation of DCs towards
a regulatory phenotype, suggesting a seminal control of the immune system by
stromal cells [14]. A recent study by Bajénoff et al. showed that when T cells
exit the HEVs, they immediately interact closely with FRCs and migrate through
the LN by trafficking along the FRS [15]. It is very likely that when
lymphocytes become activated within the LN, they will migrate further into the
LN along the FRCs, while instructing them to remodel the LN architecture.
To further characterize stromal cells, we decided to dissect the different
stromal subsets within the CD45- non-hematopoietic pool by cell surface
expression of CD200 and gp38. This allowed us to define a clear population of
ECs as gp38-/lowCD200hi cells, whereas the CD35 and FDC-M2 expressing FDCs
were characterized by the highest expression of these two cell-surface
markers. The remaining populations of gp38lowCD200int and gp38int-hiCD200int
cells are formed by the FRCs that are present within the T cell area. Although
the variation of low and higher levels of gp38 expression are indicative of
additional subsets within this pool of cells, we were not yet able to sort the
different stromal susbsets due to the small size of these various
subpopulations. For analysis by real time PCR, we were therefore restricted to
analyze the entire CD45- subset as a whole. This way, we showed that CD45-
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cells in the LNs express a variety of costimulatory molecules that can play a
role in immunological processes. Although the precise function of gp38 is still
unknown, it role in tissue development and repair, as well as carcinogenesis
has been suggested [16, 17]. Mice deficient for this molecule die at birth from
malfunctioning lymphatic vessels and lymphoedema, thus showing its role in
proper functioning of lymphatic vessels [18].
The expression of CD200 on gp38+ stromal cells is of interest since CD200 has
been described as a cell surface glycoprotein that has immunoregulatory
properties and its expression on stromal cells may indicate that cells are
involved in regulation of immune responses [19, 20]. Furthermore, by
expression of CD40, stromal cells can interact with activated T cells expressing
CD40L. This interaction may allow for further activation of stromal cells and
may play a role in remodeling processes as a result of T cell proliferation. In
addition, Flt3L is known to induce rapid proliferation and differentiation of DCs
[21-23]. Whether production of Flt3L by stromal cells indeed mediates these
effects and whether expression is altered during ongoing immune response
within LNs will require further study. Moreover, the angiopoietins ANG-1 and
ANG-2 and the VEGF molecules expressed by stromal cells can play an
important role in vasculature remodeling in LN during immune responses [24,
25].
From our immunofluorescence data we now show the exact expression of TNFR1 and LTE-R within the LN for the first time. The expression of TNF-R1 and
LTE-R on stromal cells had been suggested previously, since in the absence of
signaling through these receptors the organization within lymphoid organs
disappears, due to the lack of chemokine production [26]. The chemokines that
are responsible for this organization, i.e. CXCL13, CCL19, and CCL21 are
produced by stromal cells and DCs. Furthermore, our observation that LTER is
clearly expressed on HEVs further explains the observation by Browning et al.
who showed that continued blockade of LTER signaling in adult mice leads to
greatly impaired lymphocyte entry into LNs due to decreased levels of
peripheral lymph node addressin (PNAd) and MAdCAM on HEVs [13]. These
data could be further explained if one assumes that transmigrating leukocytes
will interact with LTER present on HEVs through LTD1E2 they express. B cells
however do not express LTD1E2 when in the blood stream, so either low levels
of LTD1E2 are enough for triggering of the LTER on HEVs, or the actual process
of transmigration induces its expression. Such a role could also be envisioned
for TNF-R1, which is also expressed on HEVs. By expressing TNF-R1, FRCs may
become activated by immune cells that produce TNF which in turn induces the
production of chemokines as a first signal for remodeling of the FRS for
accommodation of the rapidly proliferating immune cells [11]. Also PDGF-RE
signaling could play a role in this process as it is known to induce blood vessel
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differentiation but may also be important for activation and mobilization of
stromal cells [27].
In conclusion we have identified several subsets of stromal cells in the
microenvironment of the LN based on their anatomical localization and
expression of several molecules that directly implicate an active role of these
stromal elements in the differentiation of lymphoid cells. This clearly
emphasizes that stromal cells such as FRCs form an important functional
element in the LNs that can play a decisive and hitherto under-appreciated role
in the initiation and direction of an immune response. Further studies will have
to unravel the precise molecular interactions and regional differences, both
inside and between lymph nodes.
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