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The immune system

The immune system is our host defense system which consists of specialized organs 
and cells that protect the body against the microorganisms that we are surrounded 
by and live in symbiosis with. A proper immune system must detect and destroy a 
wide range of pathogens and distinguish them from our body’s own healthy tissues 
including our own microbiome. The immune system can be divided into two major 
subsystems, known as the innate immune system and the adaptive immune system 
(Figure 1). The innate immune system provides a non-specific and immediate im-
mune response against invading pathogens. This response is subsequently support-
ed by the second layer of defense, the adaptive immune response, which provides 
an antigen-specific response that is tailored towards the incoming pathogens [1-3]. 
Adaptive immune responses are executed by lymphocytes (B and T lymphocytes). 
B lymphocytes undergo positive and negative selection within the bone marrow, 
while this process takes place in the thymus for T lymphocytes. Once they have gone 
through several checkpoints, lymphocytes can start their recirculation through the 
body as so called naï�ve lymphocytes. Lymphocytes continuously migrate from the 
bloodstream through specialized secondary lymphoid organs (SLOs), such as lymph 
nodes (LNs), spleen, and Peyer’s patches in search of their cognate antigen. 

Figure 1. Origin and differentiation of hematopoietic cells.

Chapter One
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Dendritic cell migration and initiation of adaptive immune response

Generation of an appropriate adaptive immune response against a specific pathogen 
critically depends on the presence of SLOs [4-7]. LNs are strategically situated SLOs 
that drain the tissues of the body to collect self and foreign antigens through lym-
phatic vasculature [8, 9]. These antigens will flow via the afferent vessels into the 
sinuses and a collagen-rich conduit system of the draining LN, produced by lymphoid 
stromal cells [10, 11]. LN-resident dendritic cells (DCs) sample the conduits and si-
nuses for antigens and present these as peptide-major histocompatibility complex 
(MHC) complexes for initial activation of naï�ve T cells [8, 12]. Later, newly arriving 
tissue-resident DCs present peptide-MHC complexes to antigen-primed naï�ve T cells, 
which is essential for full activation and successive proliferation [8, 12]. However, 
tissue-resident DCs need to pass a barrier in the dermis, consisting of a dense but 
highly organized and balanced network of collagen fibers, to reach the LNs [13, 14]. 
Importantly during the formation of collagen fibrils, many extracellular matrix (ECM) 
proteins, such as proteoglycans, interact with the collagen micro-fibrils, which is es-
sential to obtain highly organized collagen fibers [14, 15]. Moreover, proteoglycans 
are decorated with glycosaminoglycan chains that consist of dermatan sulfate (DS) 
disaccharide repeats, which were shown to be crucial in the regulation of collagen 
fiber diameter and tensile strength (Figure 2) [16, 17].

Figure 2. Collagen fibers. Organized collagen fibers composed of mostly collagen fibrils. Collagen fibrils 
consist of micro-fibrils. Dermatan sulfate proteoglycans are orderly attached and determine spacing between 
micro-fibrils.

1

Introduction

Remarkably, when the collagen content in the skin was reduced by 50%, DCs displayed 
an accelerated emigration from the skin resulting in an abnormally rapid T cell activation 
[18]. Interestingly, mice deficient for dermatan-sulfate epimerase (Dse-/-), the most com-
monly expressed DS-epimerase enzyme, results in 40% thicker collagen fibrils than nor-
mal fibrils and showed a 41% decrease in mechanical strength, as a consequence the space 
between the individual fibers was significantly increased [19]. Importantly, homozygous 
mutations in the DSE genes in humans result in the development of the Ehlers-Danlos 
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syndrome (EDS) [20, 21]. EDS is characterized by skin and joint laxity and tissue fragility 
and display soft connective tissue disorders [20, 21]. However, immune dysregulation in 
patients with connective tissue disorders, including EDS, have only recently been discov-
ered and have not been investigated in full detail [19, 22, 23]. Moreover, as DCs need to 
break the ECM to reach the LNs in order to initiate an adaptive immune response, it is not 
well studied how changing in ECM will affect DC emigration. For this reasons, studying 
the immune system of mice deficient for Dse, that resemble characteristic features of EDS, 
including fragile skin and skeletal abnormalities [19, 22, 23], will be highly informative.

Finally, DCs present peptide-MHC to initiate the activation of rare antigen-specific lym-
phocytes at a specific location within the LN and in a definite time frame [12, 24-27]. 
To initiate the rapid activation of such rare antigen-specific lymphocytes, LNs contain 
a specialized microarchitecture with distinct niches, such as B- and T-cell areas and a 
population of resident DCs, to support efficient antigen encounter and antigen-specific 
lymphocyte activation [8, 28]. These niches are formed and controlled by unique non-he-
matopoietic stromal cell populations that contribute to the structural support and the 
specific functions of the LN [29]. Lymph node stromal cells (LNSCs) can influence lym-
phocyte migration and survival, present antigens to lymphocytes, and contribute to the 
induction of tolerance [30, 31]. Altogether, LNs provide a place where innate and adap-
tive immune cells meet, all orchestrated by stromal cells, to rapidly and efficiently initi-
ate an adaptive immune response against specific antigen [28, 32, 33].

The recognition of foreign antigens by T cell receptor (TCR) in the context of MHC mol-
ecules and costimulatory molecules on antigen presenting cells (APCs) is crucial to in-
duce an effective adaptive immune response to clear the pathogen [34, 35]. If a similar 
response would occur when T cells recognize self-antigens, this would lead to the forma-
tion of autoreactive T cells that can induce enormous damage to healthy tissue conse-
quently causing autoimmune disease [36]. Therefore, the immune system has to be able 
to discriminate between self-and non-self-antigens and eliminate autoreactive T cells to 
prevent autoimmunity [36]. Mechanisms to mediate this immune tolerance, elimination 
of autoreactive T cells, is at first initiated in the thymus and is termed central tolerance 
[37]. In addition, immune tolerance also takes place outside of the thymus in the SLOs 
known as peripheral tolerance [38, 39]. Here, I will discuss both mechanisms.

Central tolerance

The first selection checkpoint in the thymus is called positive selection, which takes place 
in the thymic cortex and is solely mediated by cortical thymic epithelial cells (cTEC) (Fig-
ure 3). cTEC present self-peptide-MHC to double positive (DP) CD4+ and CD8+ T cells. DP 
thymocytes maintaining TCRαβ that have no or very weak avidity for the self-peptide-
MHC are considered useless and therefore die due to inadequate TCR signaling. However, 
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thymocytes with functional TCRαβ that engage either self-peptide-MHC class I or self-
peptide-MHC class II with low or intermediate avidity will differentiate either into single 
positive (SP) CD8 or SP CD4 T cell, respectively [37, 40]. Finally, high avidity interaction 
between TCR and self-peptide-MHC will result in the removal of the specific T-cell clones 
via the process known as clonal deletion [41, 42]. In the next step, functional thymocytes 
migrate from the thymic cortex to the thymic medullary region where they undergo the 
second selection checkpoint which is crucial to trim autoreactive T cell clones. Hereto, 
medullary thymic epithelial cells (mTEC), which express a wide range of tissue restricted 
self-antigens, present self-peptide-MHC complexes to T cells (Figure 3) [43, 44].

The expression of an abundant number of self-antigens in mTEC is regulated by tran-
scription factors such as autoimmune regulator (Aire) [45] and Fez family zinc finger 
protein 2 (FezF2) [46]. It has been reported that mutations in Aire lead to severe auto-
immune diseases, illustrating the importance of self-antigen expression by mTECs for 
silencing autoreactive T cells [47-49]. mTECs use macro-autophagy which allow them 
to present self-peptide-MHC complex to SP T cells [50]. Furthermore, medulla-resident 
APCs such as thymus-resident DCs or plasmacytoid-DCs (pDCs) acquire self-antigens 
from mTECs to further facilitate self-antigen presentation to the developing thymocytes 
[51-54]. The interaction of TCR and self-peptide-MHC is critical to determine the subse-
quent fate of the T cells in the thymus. High avidity recognition of self-antigens by T cells 
induce clonal deletion of thymocytes while no or week avidity of TCR for self-peptide-
MHC is harmless and these thymocytes will eventually leave the thymus to the periphery 
as naï�ve T cells [40].

Interesting, recognition of self-antigens can skew cells to alternative fates, that is redi-
rection of autoreactive T cells into thymus-derived T regulatory (tTREG) cells, a process 
known as clonal diversion [37, 40]. The exact mechanisms of tTREG generation in the thy-
mus is still unclear, however, it is believed that thymocytes with very high affinity TCRs to 
the self-peptide-MHC complexes are preferentially deleted by negative selection, while 
those that express low-to-high avidity TCRs to the self-peptide-MHC are preferentially 
converted into the tTREG lineage [40]. Nevertheless, mTECs and thymus-resident DCs are 
known to have an important role in tTreg generation in thymus, in which both cellular 
subsets can present self-peptide-MHC to the developing thymocytes [49, 55].

1
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Figure 3. Central T cell tolerance. After entry of T cell precursors into the thymus, double positive (DP) thy-
mocytes undergo a process of positive selection in the cortex by cortical thymic epithelial cells (cTEC), after 
which they become single positive (SP) thymocytes. SP thymocytes then migrate to the medulla region where 
medullary thymic epithelial cells (mTEC) directly or with assistant of dendritic cells present a wide range of 
self-antigens in context of MHC class I or MHC class II molecules to SP thymocytes. Thymocytes expressing a 
T cell receptor (TCR) with high affinity for self-antigens are clonally deleted while intermediate TCR affinity 
results in the differentiation into thymus-derived T regulatory cell (tTreg). Thymocytes with low or no avidity 
TCR are free to exit the thymus and enter into periphery. This pool of naï�ve T cells however still includes a few 
auto-reactive T cells that escaped central tolerance. Finally, naï�ve T cells migrate through secondary lymphoid 
organs such as lymph node, spleen and Peyer’s patches in search of antigen to which they can respond and 
start an adaptive immune response.

Chapter One
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Peripheral tolerance

Regardless of the efficiency by which central tolerance can eliminate autoreactive 
T cell clones and maintain immune homeostasis, this is not sufficient to inhibit all 
tissue reactive T cells as many autoreactive T cells escape negative selection in the 
thymus [56, 57]. Moreover, autoreactive T cells engage with migratory DC carry-
ing self-antigens from the periphery to LNs, where they may be activated, thereby 
triggering an autoimmune reaction that may eventually progress to disease devel-
opment [58]. Therefore, mechanisms to induce peripheral tolerance are in place 
in SLOs. Among these, DCs, stromal cells and TREG cells have been recognized to be 
instrumental in the silencing of autoreactive T cells within SLOs such as LNs. DCs 
are provisional APCs that capture, process and present antigens to T cells to initiate 
adaptive immune response in periphery [59]. DCs have a crucial role in maintaining 
immune homeostasis and prevent autoimmune responses by various mechanisms, 
including the secretion of soluble factors such as IL-10, TGF-β or indoleamine 2,3-di-
oxygenase [60-63].

Under homeostatic conditions, DCs possess low level of MHC class II and costim-
ulatory molecules (CD80/CD86) [59]. T cells that recognize their cognate peptide 
antigen presented by such quiescent DCs, will fail to proliferate and will become un-
responsive to further stimulation [26, 64, 65]. It has been shown that T cells that 
have just left the thymus become tolerized to self-antigens by LN-resident DCs due 
to low level of MHC class II expression and lack of costimulatory molecules [66]. 
Such long-term functional unresponsiveness of antigen recognition by T cells will 
finally result in deletion or anergy [67-69]. Thus, the maturation/activation state of 
the DCs (characterized by expression of MHC class II and costimulatory molecules) 
determines whether a specific T cell can further activate and differentiate or become 
tolerant to their specific antigen. 

Lymph node stromal cells

LNSCs are the non-hematopoietic cells within the LN that provide structure to the 
LNs. In addition, LNSCs are now recognized to play an important role in orchestrat-
ing adaptive immune responses and maintaining LN homeostasis [30, 70, 71]. The 
classical subdivision of LNSCs through the surface protein expression of PDPN and 
CD31 on CD45 negative cells already reveals four distinct populations of non-hema-
topoietic stromal cells within the LN. These populations organize LNs into discrete 
niches to support an effective adaptive immune response [28]. The origin of LNSCs 
are either mesenchymal or endothelial cells, depending on the specific LNSC subset. 
Mesenchymal (PDPN+CD31-CD45-) LNSCs are fibroblastic reticular cells (FRCs) 

1
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including follicular dendritic cells (FDCs), marginal reticular cells (MRCs) and poorly 
characterized double negative (DNs), while LNSCs of endothelial origin include lym-
phatic endothelial cells (LECs, PDPN+CD31+CD45-) and blood endothelial cells (BECs, 
PDPN-CD31+CD45-). Emerging single-cell technology and computational methods to  
analyze high dimensional single-cell data enabled the identification of cell diversity 
at single-cell resolution. These analyses revealed further phenotypic and functional 
heterogeneity of the classical LNSCs subsets including FRCs, BECs and LECs (Figure 4) 
[72-76].

Chapter One

Figure 4. Diversity of lymph node stromal cell subsets. Experimental schematic workflow for single cell 
RNA sequencing. Peripheral lymph nodes (LNs) isolated from wild-type mice were dissociated into single-cell 
suspension using enzymes. Non-hematopoietic cells were enriched and subsequently lymph nodes stromal 
cells (LNSCs) were FACS-sorted for single cell sequencing. t-Distributed Stochastic Neighbor Embedding 
(t-SNE) plot shows the different population of LNSCs in which RNA sequencing revealed the heterogeneity 
of each subset. Fibroblastic reticular cells (FRCs) [75]; Lymphatic endothelial cells (LECs) [73, 74, 76]; Blood 
endothelial cells (BECs) [72]; CC-chemokine ligand 19 (Ccl19); Nuclear receptor subfamily 4 group A member 
1 (Nr4a1); Indolethylamine N-methyltransferase (Inmt); Follicular dendritic cells (FDC); Marginal reticular 
cells (MRCs); Perivascular cell (PvC); Interfollicular regions (IFR); Subcapsular sinus (SCS); Capillary phe-
notype endothelial cell (CpEC); Interferon-stimulated gene-enriched CapEC (CapIfn); Resident regenerative 
population (CRP); Transitional phenotype capillary EC (TrEC); High endothelial cells (HEC); Non-HEC veins 
(Vn); Arterial EC (Art); High endothelial venules (HEVs); Floor LEC (fLEC); Ceiling LEC (cLEC); Macrophage 
receptor with collagenous structure (Marco); Pentraxin-3 (Ptx3). 
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1
Table 1: Heterogeneity of mouse lymph node stromal subsets and their functions.

Introduction

In mice LNs, up to nine distinct populations including FDCs, MRCs and multiple subsets 
of T-zone reticular cells (TRCs) have been identified within PDPN+CD31- mesenchymal 
FRCs (Figure 4) [72]. Among newly discovered TRCs, CC-chemokine ligand 19 (Ccl19)lo 
TRCs which are located at follicular-T-zone interface were identified to be source of 
cholesterol-25-hydroxylase (Ch25h) [72]. Expression of this enzyme is required for 
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chemoattractant receptor EBI2 to functionally guide activated T cell, B cells and den-
dritic cells (DCs) to the follicular-T-zone interface [77-79]. Moreover, Cxcl9+ TRCs located 
in the T-zone and interfollicular region are likely activated stromal cells involved in inducing 
tolerance to CD4+ T cells as these cells are actively expressing major histocompatibility 
complex (MHC) class II related genes at steady-state [72].

 LECs from different areas of the LNs show distinct expression in surface markers, indicat-
ing the existence of multiple LEC subsets (Figure 4) [80]. Indeed, recent single-cell RNA 
sequencing on murine and human LECs identified four to six distinct subsets of LECs in 
peripheral LNs of which LECs residing in the subscapular sinus express important neutro-
phil chemoattractants and are scavengers of low-density lipoprotein (LDL) [73, 75, 76]. 
Finally, single-cell RNAseq analysis of BEC isolated from murine peripheral LNs defined 
eight subsets of BECs which are involved in immune cell recruitment and vascular homeo-
stasis [74]. By using single-cell profiling, numerous well-delineated subsets of LNSCs have 
been recognized in distinct anatomical location within the LNs. This knowledge will allow 
future studies to expand our limited knowledge of LNSC heterogeneity including tran-
scriptional and regulatory pathways and developmental processes. Therefore, targeting 
particular subsets experimentally can help to understand their exact role in controlling 
immune responses (Table 1).

Anatomical location of lymph node stromal cell subsets

LNSCs form less than 5% of total LN cells and are present in all regions of the LNs. 
Throughout the LN they create specific micro-domains that together make up the complex 
architecture of the LN. The majority of stromal cells in the LN are of mesenchymal origin. 
FRCs are present in the T cell area within the paracortex of the LN, where T cells 
and DCs meet each other. MRCs are specialized stromal cells that form a layer underneath 
the subcapsular sinus (SCS) at the outer rim of the LN, thereby lining B cell follicles, while 
FDCs are present within the center of the B cells follicles. LECs, line the ceiling and floor 
of SCS and are also present in the medulla of the LNs. BECs line all blood vessels within 
the LNs and can subdivided in arterial and venous blood vessels, small capillaries and the 
highly specialized post-capillary blood vessels known as high endothelial venules (HEV) 
used by lymphocytes to enter the LNs from the bloodstream (Figure 5). LNSCs are known 
to be involved, next to structural support of the LNs, in migration, homeostasis and sur-
vival of lymphocytes and antigen presentation for maintaining peripheral tolerance. The exact 
mechanism by which LNSCs mediate these different functions will now be discussed.

Migration and homeostasis of lymphocytes

Upon lymphocyte entry into the LN parenchyma, T cells migrate alongside the net-
work of FRCs in search of their cognate antigen-bearing DCs. FRCs facilitate this 
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migration by the secretion of the homeostatic chemokines CC-chemokine ligand 21 
(CCL21) and CCL19 [89, 90], thereby providing a framework to bring CC-chemokine 
receptor 7 (CCR7)+ T cells and DCs together for the initiation of adaptive immune 
responses within the LN. Mice lacking the expression of CCR7 or CCL21 and 
CCL19 display an impaired migration of lymphocytes and DCs to LNs which results 
in morphological alterations and reduced adaptive immune activation [91, 92]. This 
alteration in the morphology of LN and migration of immune cells is less evident 
in mice deficient in CCL21 alone [93], while LN organization is conserved in CCL19 
deficient mice [89]. An additional control of DC migration into the LNs occurs at the 
level of LEC, as the LEC layer that forms the ceiling of the SCS exclusively expresses 
chemokine receptor CCRL1 (atypical chemokine receptor 4, ACKR4) [94]. CCRL1 is 
a scavenger receptor for the homeostatic chemokines CCL21 and CCL19 [95] and 
by scavenging these chemokines a chemokine gradient is created that regulates the 
migration of tissue-derived DCs into the LN parenchyma [94].  

Figure 5. Lymph node stromal cells organize the lymph node microarchitecture. Anatomical location 
of different subset of stromal cells including follicular dendritic cells (FDCs), marginal reticular cells (MRCs), 
fibroblast reticular cells (FRCs), ceiling lymphatic endothelia cells (cLECs), floor LECs (fLECs) and blood en-
dothelial cells (BECs) in the lymph node (LN). Stromal cells direct immune responses by directing immune 
cells such as B and T cells and dendritic cells (DCs) into and within the LN.

1
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During homeostasis, FRCs and LECs produce interleukin-7 (IL-7) [96, 97] which 
is essential for survival of naï�ve T cells that reach T cell zones of the LN [98, 99]. 
Moreover, homeostasis of B cells within LNs also depend on signals produced by 
FRCs [100]. B cells use FRCs networks to migrate from the paracortex to the follicles 
through CC-chemokine ligand 13 (CXCL13) signaling as FRCs can also be a source of 
CXCL13 [100, 101]. Within the B cell follicles, FDCs produce B cell activating factor 
(BAFF), as well as CXCL13 and a proliferation-inducing ligand (APRIL), which are 
required for survival and maintenance of B cells [102-104]. Next to FDCs, FRCs that 
are confined to the B cell follicles can also be a source of BAFF [101, 105, 106], which 
suggest that different subsets of FRCs are involved in organization and maintenance 
of both T and B cell homeostasis within the LN. The MRC subset is situated at the 
base of the SCS covering B cells follicles which is a niche critical for capturing anti-
gens derived from peripheral tissue [107]. MRCs have been shown to produce BAFF 
and CXCL13 [86, 108], however, their definite involvement to LN organization and 
homeostasis remains to be determined.

Peripheral tolerance by lymph node stromal cells

For many years DCs were proposed to form the main cell subset responsible for the 
induction of tolerance in the periphery [109]. However, several groups have demon-
strated that stromal cells are also able to contribute to the induction of tolerance 
within LNs. LNSCs were shown to express and present a wide range of self-antigens 
(also known as peripheral tissue antigens, PTAs) in the context of MHC class I or 
MHC class II molecules [110-113]. Consequently, self-antigen presentation by LNSCs, 
which also involves costimulatory and coinhibitory signaling, induce tolerance to auto-
reactive CD8+ and CD4+ T cells [114, 115] (Figure 6). Here we will discuss the different 
molecules that are involved in this process.

Several LNSCs subsets including FRCs, LECs, BECs and also DNs express a unique 
pattern of PTAs. While some are exclusively expressed by one specific subset, others 
are expressed by various subsets. For instance, ectopic expression of tyrosinase, a 
melanocyte-associated PTA, is restricted to LECs, while the expression of Mlana, an-
other melanocyte-associated PTA, is confined to the FRCs within LNs [110, 112, 113]. 
This variability in the expression of PTAs suggest that different factors are involved 
in the control over PTA expression within LNSCs and might additionally be influence 
by the microenvironment [110, 113]. This differences in expression pattern of PTA 
by LNSCs is also similar to mTEC in the thymus as mTEC shows a diverse pattern of 
PTA expression during their differentiation [46, 116, 117].

Costimulatory and coinhibitory molecules have a crucial role in T cell biology, as they 
determine the functional outcome of T cells after signalling through the TCR binding 

Chapter One
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peptide-MHC molecules. T cell activation can be promoted or inhibited through sig-
nalling by costimulatory (CD40, CD80 (B7.1), and CD86 (B7.2)) or inhibitory mol-
ecules (Programmed death-ligand1 (PD-L1) and PD-L2) respectively [118-120]. 
However, all the LNSCs subsets show steady-state low expression of costimulatory 
molecules CD40, CD80 but not CD86 when compared to classical APCs such as DCs 
[110, 121]. Under inflammatory condition, using PolyI:C injection, FRCs upregulated 
CD80 and CD86, LECs only increased the expression of CD80 while BECs showed no 
alteration of these molecules and DNs showed increase in CD86 [110]. 

Figure 6. Peripheral tolerance in the lymph node. Autoreactive T cell tolerance is additionally maintained 
in the periphery within the lymph nodes (LNs). Tissue-resident dendritic cells (DC) acquire antigen from 
peripheral tissues and migrate to LNs where they present these antigens to autoreactive T cells. Lymph node 
stromal cells (LNSCs) and LN-resident DCs collaborate together to control autoreactive T cells. LNSCs present 
self-antigens in the context of MHC class I as well as MHC class II complexes, thereby contributing to periph-
eral tolerance of CD8+ and CD4+ T cells, respectively. Moreover, LNSCs maintain antigen-specific regulatory T 
(TREG) cells in order to further control the activation of autoreactive T cells.

1
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A recent RNA-Seq study of freshly isolated murine endothelial cells (LEC and BEC) 
from LN has validated these observations [122]. In another study, single-cell RNA 
sequencing of non-endothelial cells (FRCs) revealed low levels of CD80 transcripts 
in different subsets of non-endothelial cells, in particular CCL19lo FRCs, CCL19hi FRCs 
and MRCs, whereas CD86 and CD40 were undetected [72]. On the other hand, LNSCs, 
mainly endothelial cells express high levels of PD-L1 (CD274) at steady-state and 
during inflammation [123].

LNSCs express, like all other nucleated cells in the body, MHC class I which is strong-
ly  upregulated upon signaling through toll like receptor (TLR) or engagement with 
antigen-specific CD8+ T cell [10, 110, 124-126]. Using a transgenic mouse model, in 
which ovalbumin (Ova) was expressed as self-antigen by LNSCs under control of the 
intestinal fatty acid-binding protein (iFABP) promotor, it was shown that presenta-
tion of Ova peptides in the context in MHC class I molecules by LNSCs was sufficient 
to induce primary activation and subsequent deletional tolerance of Ova-specific 
CD8+ T cells independently of DCs [111]. In a similar study, expression of the in-
fluenza virus membrane protein hemagglutinin (HA) gene under the control of the 
glial fibrillary acidic protein (GFAP) promoter, by LNSCs induce activation and subse-
quently deletion of HA-specific CD8+ T cells [127]. Furthermore, in a non-transgenic 
mouse model the expression and presentation of the self-antigen tyrosinase by LECs 
was shown to cause the proliferation and subsequent deletion of tyrosinase-specific 
CD8+ T cells [112, 121]. Lack of costimulatory ligands such as CD80/CD86 and high 
expression PD-L1 at surface of the LECs were proposed as the necessary molecules 
involved in deletional tolerance of autoreactive CD8+ T cells [121]. Tolerance induc-
tion of tyrosinase-specific CD8+ T cells is Aire-independent as LECs from Aire-/- mice 
still expressed and presented this antigen to CD8+ T cells [113]. Within pancreatic 
LN it was shown that expression of the transcription factor deformed epidermal au-
toregulatory factor 1 (DEAF-1) controlled the expression of several potential PTAs 
[128]. Overall, this indicates that the expression of PTAs by LNSCs is regulated by a 
different mechanism than what has been described for the thymus.

Several studies showed that different subsets of LNSCs (FRCs, LECs and BECs) en-
dogenously express intermediate levels of MHC class II molecules including an anti-
gen-processing machinery both at steady state and under inflammatory conditions 
like IFN-y treatment [101, 126, 129-133]. In human and mouse, MHC class II expres-
sion is regulated by class II transactivator (CIITA), which is controlled by a large reg-
ulatory region that contains three independent promotors (pI, pIII, and pIV) [134]. 
It has been shown that, pIV is the only promoter of CIITA expressed in murine LNSCs 
[130], suggesting that endogenous expression of MHC class II molecules by LNSCs is 
under control of the pIV promotor of CIITA. Unexpectedly, LNSCs from pIV-/- mice still 
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expressed low levels of MHC class II on their surface when compared to wild type 
LNSCs [130]. Authors demonstrated that LNSCs can acquire self-peptide-MHC class 
II complexes specifically from DCs and not from macrophages or B cells, both in vitro 
and in vivo. These DCs can subsequently induce tolerance by presenting the trans-
ferred complexes to autoreactive CD4+ T cells [130]. Moreover, LECs have been shown 
to transfer self-antigen to DCs for cross-presentation, to induce CD4+ T cell anergy 
[133]. Investigators of this study showed that LECs express invariant chain(Ii) and 
cathepsin L (CLIIP), but not H2-M and should therefore not be capable of loading en-
dogenous peptides onto MHC class II molecule [133]. This suggested that LECs pos-
sess a different MHC class II antigen-processing pathway. However, transplantation 
of LNs from MHC-II-/- mice into wild type mice, which result in selective deficiency 
of MHC class II molecules on transplanted LNSCs, resulted in an increased frequency 
of activated CD4+ as well as CD8+ T cells [129]. In this model, donor-derived LNSCs 
lack MHC class II expression while the recipients’ hematopoietic cells sufficiently 
express MHC class II [129]. In a similar study, mice deficient for MHC class II expres-
sion only on LNSCs exhibited a significant increase in effector CD4+ and also CD8+ T 
cell frequencies resulting in spontaneous signs of T cell-mediated autoimmunity and 
autoantibody production upon ageing [131]. These data suggest that the expression 
of MHC class II molecules by LNSCs is crucial to dampen the activation of CD4+ as 
well as CD8+ cells. Remarkably, direct presentation by LNSCs or the collaboration be-
tween LNSCs and DCs mirror the tolerance induction that occurs in thymus, as some 
PTAs are either directly presented via MHC class II expression on mTEC or instead 
transferred to DCs, which subsequently present it to developing thymocytes for the 
process of selection and tolerance induction [53, 135-137]. Nevertheless, all these 
studies indicate that LNSCs incorporate multiple mechanisms to induce peripheral 
tolerance to autoreactive CD4+ T cells. 

Regulatory T cells in peripheral tolerance

TREG cells play a critical role in maintaining immune homeostasis and preventing im-
mune activity of autoreactive T cells [138-142]. TREG cells, expressing transcription 
factor forkhead box P3 (FoxP3), are a specialized T cell lineage that differentiates 
during T cell development in the thymus and is termed thymic TREG (tTREG) cells [143]. 
Both humans and mice that are deficient for FoxP3 and lack TREG cells, develop severe 
autoimmune syndrome, demonstrating the physiological importance of TREG cells for 
the maintenance of tolerance under steady-state conditions [144, 145]. Self-antigen 
presentation by mTEC in the thymus is sufficient to induce suppressive tTREG cells 
[137, 146]. However, suppressive capacity of tTREG cells is dependent on TCR signal-
ing in the periphery, following their emigration from the thymus [147, 148]. tTREG 
cells suppress autoreactive T cell responses by implementing diverse molecular
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mechanisms at multiple checkpoints, including modulation of antigen presenta-
tion by DCs, release of suppressive cytokines, induction of cytolysis (apoptosis) and 
metabolic disruption. A key mechanism by which TREG cells suppress effector T cells 
is to modulate DCs by downregulating costimulatory molecules such as CD80 and 
CD86 [149]. This mechanism is dependent on signaling through cytotoxic T-lympho-
cyte-associated protein 4 (CTLA4), which is highly expressed on the surface of TREG 
cells. CTLA-4 binds with high affinity to CD80/CD86 ligands on the surface of DCs to 
prevent CD28-mediated costimulation of T cells [150]. Moreover, TREG cells highly ex-
press lymphocyte-activation gene 3 (LAG-3) on their surface, which directly binds to 
MHC class II molecules to suppress DC maturation and subsequently T cell activation 
[151]. Immunosuppressive cytokines such as IL-10 and IL-35 are mainly produced 
by TREG cells in order to suppress autoreactive T cells or DCs while TREG cells maintain 
FoxP3 expression by transforming growth factor-β (TGF-β) production (Figure 6) 
[152, 153]. Moreover, TREG cells induce clonal deletion to autoreactive T cells in the 
periphery by secreting Granzyme A and Granzyme B, thereby inducing programmed 
cell death (apoptosis) [154, 155].

Finally, TREG cells are known to be IL-2 scavengers, as they highly express the IL-2 
receptor (CD25). IL-2 is required for T cell growth and survival, therefore TREG 
cells indirectly induce apoptosis of effector T cells [156]. It has been reported that 
conventional naï�ve T cells can be converted into FoxP3 expressing TREG cells upon 
self-antigen recognition under tolerogenic conditions [157, 158]. A process which is 
dependent on DCs and TGF-β and facilitated by IL-2 and the vitamin A metabolite ret-
inoic acid [159-162]. Self-antigen presentation in the context of MHC class II by con-
ventional DCs (cDCs) or pDCs results, under homeostatic conditions, in the induction 
of TREG cells and inhibition of T cell-mediated autoimmune activity within LNs [159, 
163-165]. Consequently, short-term deletion of cDCs or pDCs reduced the frequency 
of TREG cells and increased the amount of T helper 1 (Th1) and Th17 cells, which coin-
cided with the appearance of autoimmunity signs in these mice [166, 167]. However, 
long-term constitutive DC depletion did not hamper the TREG cell compartment but 
did result in development of spontaneous autoimmunity [168, 169]. Additionally, LN-
SCs can control autoreactive T cells through maintaining TREG cells. Notably, MHC class 
II expression by LNSCs was required for homeostatic proliferation and maintenance 
FoxP3 TREG cells [129]. In this study, LNs expressing Ova as a self-antigen in LNSCs, were 
transplanted. With such a set-up, Ova expression is restricted to LNSCs resulting in an 
increased frequency of Ova-specific TREG cells within the transplanted LNs [129]. In a 
recent study, abrogation of MHC class II on LNSCs, in particular LECs, significantly re-
duced the frequency of antigen-specific TREG cells and showed enhanced signs of auto-
immunity upon aging [131]. 
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Overall, these studies suggest that both LNSCs and DCs contribute to TREG cell in-
duction in the periphery and that this process might be regulated by the local tissue 
micro-environment.

Autoimmunity

The immune system is designed to recognise and destroy harmful pathogens while 
protecting our tissues. In autoimmunity the mechanisms that maintain immune ho-
meostasis and self-tolerance are impaired, resulting in tissue damage. Any disease 
that results from such abnormal immune response against our own tissues or cells 
is known as an autoimmune disease. The cause of such aberrant immune responses 
is largely unknown, however, it is believed that genetic and environmental factors, 
including smoking or infectious diseases, can contribute to the initiation of autoim-
mune disease. An example of such disease is rheumatoid arthritis (RA), which is a 
chronic inflammatory autoimmune disease characterized by synovial inflammation 
and hyperplasia of the joint and cartilage, causing bone destruction within the joint. 
However, it has been proposed that this disease begins outside the joints and that 
immune tolerance is initially broken in three other locations, in particular lung, oral 
mucosa and LNs [170]. Notably, during the earlier stages of RA the immune reactions 
in peripheral blood against a range of modified self-proteins, in particular citrullinat-
ed proteins, have been detected [171-175]. These modified proteins can be taken up 
by DCs that migrate to SLOs, such as LNs, to potentially initiate an adaptive immune 
response against these modified proteins. This will ultimately result in the produc-
tion of autoantibodies, such as anti-citrullinated protein (ACPA) or rheumatoid fac-
tor (RF) antibodies. Finally, these autoantibodies are able to recruit other activated 
immune cells to the site where these modified proteins are expressed, causing in-
flammation [176]. Thus, immune responses that are initiated within LNs generally 
precede the infiltration of effector cells into the target tissue.

Cellular composition of lymph nodes in autoimmunity

The increased presence of autoantibodies in the blood suggests an increase in humoral 
immune responses within the LN of early arthritis patients. Indeed, animal models of 
arthritis have shown phenotypic changes in the cellular composition of popliteal LNs, 
and not spleen, which are associated with disease progression from ankle to knee, and 
in particular an increase in B cells was seen [177-179]. For the efficient production of 
antibodies, B cells require help from CD4 T cells, specifically T follicular helper cells 
(TFH) [180]. TFH cells are specialized T helper cells that upon activation downregulate 
CCR7 and upregulate CXC-chemokine receptor 5 (CXCR5), which allow them to move  
away from the T cell area towards the edge of the T cell area and the interfollicular 
region [181-183]. At the same time, activated B cells migrate towards the edge of the
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B cell follicle at the T-B cell interface by upregulating CCR7 and maintaining CXCR5 
expression [184]. Here, TFH cells undergo cognate interaction with B cells that lead to 
formation of a germinal center (GC) to produce long-lived antibody secreting plasma 
cells and memory B cells [185]. The influence of TFH cells on B cell responses plays 
a significant role in the development and perpetuation of systemic autoimmunity 
[186]. Interestingly, elevated levels of circulating TFH cells are associated with the de-
velopment of a broad range of autoimmune diseases such as Juvenile dermatomyositis 
[187], Sjogren’s syndrome [188, 189], systemic lupus erythematous [188, 190] and 
RA [191-195]. Accordingly, core-needle biopsies of inguinal LN of individuals at risk 
of developing RA showed alterations in B cell-, T cell- and innate lymphoid cell (ILC) 
subsets in comparison to healthy controls [196-199]. Moreover, LNs from RA patients 
displayed an altered immunoregulatory balance by an increase in frequency of proin-
flammatory Th1 cells and decrease in TREG cells [197]. In other studies, pancreatic LNs 
from type 1 diabetes showed an expansion of Th17 and reduction in the functional 
capacity of TREG cells which contributes to disease development in type 1 diabetes [200, 
201]. Moreover, next to altered immune cell frequencies, suppression capacity of LNSCs 
was impaired in RA patients when compared to healthy individuals [202]. This altered 
functionality in suppression of T cell proliferation was independent of nitric oxide (NO) 
as healthy individuals and patients showed the same level of NO production by LNSCs 
[202]. In an explorative epigenomic study, characterization of human LNSCs during 
health, RA-risk and RA, revealed that epigenetic changes could already be observed in 
autoantibody positive RA-risk individuals. Therefore, LNSCs seem to obtain an altered 
epigenetic imprint during systemic autoimmunity, which may play an important role 
in RA development [203]. In another report, pancreatic LN of individuals with type 1 
diabetes exhibited altered distribution of LNSCs with a significant reduction in HLA-
DR+ FRCs and an increase in HLADR+ BECs, while LECs were similar when compared 
to healthy controls [126]. Moreover, HLA-DRhiCD45low cells showed defective immuno-
suppression properties [126]. Overall, these phenotypic changes in the cellular com-
partment and the functional changes in cellular subsets leading to an altered immuno-
regulatory balance within LNs, demonstrate a primary role for LNs in the initiation of 
autoimmune diseases.

Thesis outline

mTEC in thymus are known to control autoreactive T cells by either inducing clonal 
deletion or generation of TREG cells. However, deletion of autoreactive T cells with-
in the thymus is considered to be incomplete, and control of autoreactive T cells 
continues in the periphery. LNSCs have been shown to play a crucial role in main-
taining peripheral tolerance by eliminating autoreactive CD8+ T cells that escaped the 
central tolerance. Nevertheless, their role in generating antigen-specific TREG cells and 
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controlling autoreactive CD4+ T cells that can help B cells responses is not known. 
Furthermore, mouse data has shown the importance of LNSCs in the maintenance of 
peripheral tolerance to self-antigens while such studies for human LNSCs and their 
potential role in autoimmunity are lacking.

Our results in Chapter 2 strengthen the importance of collagen fibrillogenesis for DC 
migration to LN to initiate an antigenspecific immune response. Here, we show that 
mice with altered collagen fibrillogenesis resulting in thicker collagen fibers in the 
skin, display a reduced DC migration from the skin towards the draining LNs as a re-
sult of locally altered extracellular matrix composition. Consequently, the qualitative 
outcome of the cellular and humoral immune response was significantly impaired in 
mice with altered collagen fibrillogenesis, ultimately leading to a reduction in anti-
genspecific serum immunoglobulin levels when compared to healthy mice. In Chapter 
3 we provide novel mechanisms by which murine LNSCs mediate control over auto-
reactive CD4+ T cells by presenting self-antigens in MHC class II. We show, both in 
vitro and in vivo, that antigen presentation in MHC class II by LNSCs results in the 
conversion of autoreactive CD4+ T cells directed against self-antigens expressed by 
LNSCs into FoxP3 expressing TREG cells. Using LN transplantations, we show that ex-
pression of a defined self-antigen (i.e. Ova) by LNSCs restricts the expansion of auto-
reactive TFH cells. This control over TFH cells was lost when all TREG cells were blocked 
in vivo. As a consequence of the control over TFH cells, the presentation of Ova as a 
self-antigen by LNSCs also restricted the development of autoreactive B cells against 
Ova within transplanted LNs. Moreover, in Chapter 4, we show that skin-associated 
self-antigens are restricted to stromal cells in skin-draining LNs while gut-draining 
LNs lack the expression of such self-antigens. Consequently, conversion of autoreac-
tive CD4+ T into antigen-specific TREG cells was only observed in skin-draining LNs. 
Furthermore, we have shown that regulatory function of LNSCs is hampered upon 
activation of LNSCs, as conversion of T cells into TREG cells was completely dimin-
ished upon Lipopolysaccharide (LPS) stimulation of LNSC. The data in Chapter 3 and 
Chapter 4 reveal a novel mechanism by which LNSCs induce peripheral tolerance 
that can contribute to the control of autoreactive adaptive immunity.

Mouse data has shown the importance of LNSCs in the maintenance of peripheral 
tolerance to self-antigens while such studies for human LNSCs and their potential 
role in autoimmunity are lacking. Therefore, we started to collect and study unique 
human LN biopsies obtained during the preclinical and earliest phases of RA to study 
the regulatory function of LNSCs in these patients in Chapter 5 and Chapter 6. In  
Chapter 5, we develop an experimental model to allow research on human LNSCs 
during health, early RA and RA. Our characterization of human LNSCs showed an 
effect of human LNSCs on T cell proliferation which was ratio-dependent and altered
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in RA LNSCs. This observation let us in Chapter 6 to investigate the antigen presen-
tation machinery of human LNSCs and the presence of citrullinated antigens within 
human LNSCs. Our results show that human LNSCs are equipped to present self-an-
tigens. Furthermore, human LNSCs express the enzymes required for protein citrulli-
nation. Finally, in Chapter 7 we discuss antigen presentation by LNSCs and their role 
in controlling autoreactive immune response.

This thesis uncovers a unique feature of collagen fibrillogenesis for DC migration and 
initiation of adaptive immunity. Moreover, we show a distinctive function of LNSCs 
to suppress early activation of autoreactive immune cells in order to maintain pe-
ripheral tolerance. By presenting self-antigens in MHC class II, LNSCs promote the 
differentiation of CD4+ T cells into TREG cells which are able to prevent the generation 
of TFH cells and germinal center B cells directed against the same self-antigen.
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Chapter Two

ABSTRACT

For full activation of naï�ve adaptive lymphocytes in skin-draining lymph nodes (LNs), 
presentation of peptide:MHC complexes by LN-resident and skin-derived dendritic cells 
(DCs) that encountered antigens (Ags) is an absolute prerequisite. To get to the nearest 
draining LN upon intradermal immunization, DCs need to migrate from the infection 
site to the afferent lymphatics, which can only be reached by traversing a collagen-dense 
network located in the dermis of the skin through the activity of proteolytic enzymes. 
Here, we show that mice with altered collagen fibrillogenesis resulting in thicker colla-
gen fibers in the skin display a reduced DC migration to the draining LN upon immune 
challenge. Consequently, the initiation of the cellular and humoral immune response 
was diminished. Ag-specific CD8+ and CD4+ T cells as well as Ag-specific germinal cen-
tre B cells and serum immunoglobulin levels were significantly decreased. Hence, we 
postulate that alterations to the production of extracellular matrix, as seen in various 
connective tissue disorders, may in the end affect the qualitative outcome of adaptive 
immunity.
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INTRODUCTION

Lymph nodes (LNs) are strategically located secondary lymphoid organs that drain 
nearly all tissues of the body, including the skin as the largest organ, to collect foreign 
soluble and particulate antigens (Ags) through a lymphatic vasculature [1, 2]. The col-
lection of Ags is essential for a controlled and rapid initiation of a robust and Ag-specific 
adaptive immune response [2-4]. Ag-containing lymph will flow via the afferent vessels 
into the sinuses and a collagen-rich conduit system of the draining LN, produced by 
lymphoid stromal cells [5-7]. LN-resident dendritic cells (DCs) sample the conduits and 
sinuses for Ags and present these as peptide:MHC complexes for initial activation of 
naï�ve T cells [1, 2]. Next, newly arriving tissue-resident DCs sequentially present pep-
tide:MHC complexes to Ag-primed naï�ve T cells, essential for full activation and suc-
cessive proliferation. Importantly, when migration of distant DCs was prevented upon 
rapid removal of the injection site, activation of T cells was significantly diminished and 
the cellular immunity severely hampered [1, 2].

To reach the afferent lymphatics, DCs from the skin need to pass a barrier in the dermis, 
consisting of a dense but highly organized and balanced network of collagens, which re-
quires the obligatory activity of metalloproteinases [8]. Interestingly, when the collagen 
content in the skin was reduced by 50%, which was found in mice deficient for secret-
ed protein acidic and rich in cysteine (Sparc), DCs displayed an accelerated emigration 
from the skin resulting in an abnormally rapid T cell activation [9]. These findings sup-
port a model in which the composition and density of the dermal extracellular matrix 
(ECM) determines the efficiency of DC emigration and subsequent immune activation 
in skin-draining LNs (sdLNs).

Notably, collagen fibrillogenesis is strictly controlled by many ECM proteins, includ-
ing small leucine-rich proteoglycans that form essential interfibrillar bridges through 
chondroitin/dermatan sulfate (CS/DS) glycosaminoglycans (GAGs) attached to a core 
protein [10, 11]. To execute their biological functions, CS/DS GAGs undergo crucial and 
extensive modification by Golgi apparatus-located biosynthetic enzymes [12]. Of these 
enzymes, DS-epimerase 1 in close conjunction with DS-4-O-sulfotransferase 1 (D4st1 or 
Chst14) are key in the transformation of CS to hybrid CS/DS chains [13]. Downregula-
tion or loss of either enzyme changes the composition of the CS/DS GAGs, affecting bi-
ological functions [12]. Remarkably, next to DS-epimerase 1, a second epimerase exists, 
DS-epimerase 2, which has overlapping functions; however, these biosynthetic enzymes 
have been shown to display striking tissue-specific distribution. Whereas DS-epimerase 
1 is the main epimerase in most tissues of the body including the skin [14], DS-epime-
rase 2 is most prominently present in the brain [15].

2
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Although both epimerases are ubiquitously expressed, each isoform specifically con-
tributes to spatially distinct CS/DS GAGs. As a consequence, mice only lacking DS-epime-
rase 1 display an altered collagen structure in the skin, which could not be compensated 
for by DS-epimerase 2 [14]. Similarly, this non-redundancy has recently been observed 
in humans with a homozygous DSE missense mutation [16]. These patients were classi-
fied as a subtype of Ehlers-Danlos syndrome, a connective tissue disorder. Importantly, 
the Ehlers-Danlos syndromes represent a heterogeneous group of diseases, which are 
well known for their fragility of the soft connective tissues, including the skin. There-
fore, we set out to study the effect of DS epimerase-1 (Dse) deficiency, in mice, on the 
adaptive immune response in sdLNs initiated after intradermal immunization.
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RESULTS

Dse-deficient sdLNs display normal cellular organization and Ag 
collection

Impaired Ag drainage or lower cell numbers in sdLNs could affect the outcome of an 
adaptive immune response initiated upon intradermal immunization [1, 2]. For this rea-
son, we first set out to determine the amount of immune cells present in homeostatic 
LNs of adult DS-epimerase 1 (Dse) deficient mice and compared these with LNs of age-
matched WT littermates. Quantification of single-cell suspensions by flow cytometry of 
sdLNs revealed equal total cell numbers, including similar amounts of total DCs, T cells, 
and B cells, all immune cell subsets critically involved in the initiation of an adaptive 
immune response (Figure 1A). In addition, fluorescent immunohistochemistry analysis 
showed a comparable cellular architecture as to WT LNs, with B cells organized in fol-
licles lined by subcapsular sinus macrophages, and DCs similarly dispersed throughout 
the T cell zone (Figure 1B). Finally, we performed short-term (5 min) fluorescent tracer 
experiments to study the Ag drainage capacity of Dse deficient sdLNs. Notably, we ob-
served that Ags ranging from 32 to 47 kDa readily saturated the conduits and sinuses 
quickly reaching the HEVs upon entering of the subcapsular sinus (Figure 1C). Indeed, 
as exemplified by EαGFP (Figure 1D), the intradermally injected fluorescent tracer 
completely co-localized with ER-TR7 expression, a marker for the conduits produced by 
lymphoid stromal cells [17] and surrounding HEVs. Quantification of the average EαG-
FP intensity within the conduits revealed no difference between WT and Dse-deficient 
mice (Figure 1D).

Together, these results demonstrate that sdLNs of Dse-deficient mice are equally capa-
ble of rapidly collecting and distributing soluble Ags via the subcapsular sinus toward 
the HEVs after intradermal administration and that comparable architecture and cell 
numbers permits equivalent Ag exposure to allow the initiation of an adaptive immune 
response.

In Vivo DC migration from skin to draining LNs is impaired in Dse-de-
ficient  mice

Antigens reach the draining LN not only as soluble particles [6, 18, 19], but a large part 
is also taken up by DCs in the skin for processing, transport, and presentation to LN-res-
ident T cells [2, 19]. This sequential peptide:MHC presentation of Ags to naï�ve T cells by 
DCs is essential for maximal activation of the adaptive immune response initiated in the 
Ag-draining LN [1, 2]. Since we previously found an increase in collagen fiber diameter 
in the skin of Dse-deficient mice [14] and because skin-derived DCs need to degrade 
this dense collagen network in the dermis to reach the afferent lymphatics [8], 
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Figure 1. Cellular organization and antigen collection capability of skin-draining lymph nodes (sdLNs). 
(A) Total sdLN cells, CD11c+ dendritic cells (DCs), CD3+ T cells, and CD19+ B cells of wild type (DseWT) and 
Dse-deficient (DseKO) mice were quantified upon isolation of single cells from homeostatic adult sdLNs 
(mean ± SEM; n= 4-7 mice; average of four sdLNs per mouse is shown). (B) sdLN tissue sections of untreated 
adult DseWT and DseKO mice stained for B cells (B220, green), DCs (CD11c, blue), and subcapsular sinus 
macrophages (CD169, red). (C) Distribution of EαGFP (left panels) and FITC-conjugated OVA (middle panels), 
5 min after intradermal injection, in the subcapsular sinus (red arrows), the conduit system (yellow arrow 
heads), and surrounding the high endothelial venules (red arrow heads) of sdLNs. Right panels are an en-
largement of white boxes (representation of n= 4 mice, 2 sdLNs/mouse analyzed). (D) EαGFP co-localization 
with ER-TR7 (right images) in DseWT and DseKO sdLNs after intradermal EαGFP injection compared to the 
contralateral side (left images) of the same mice. Bar diagram represents the average fluorescence intensity 
(arbitrary units; a.u.) of EαGFP that co-localizes with ER-TR7 expression.



43

2

we determined the in vivo migration efficiency of CD11c+ skin-derived DCs to the near-
est draining LN [20]. For this purpose, we performed intradermal injections in the ankle 
of mice with an Ag consisting of amino acids 46-74 of I-Edα MHC class II subunit fused 
to a green fluorescent protein (EαGFP), which allowed for easy tracing of Ag-bearing 
skin-derived DCs [2]. Importantly, it was previously shown that after 24 h, cells that 
were EαGFP+ within draining LNs were almost exclusively CD11c+MHC-IIhi expressing 
skin-derived DCs [2, 21]. Forty hours after intradermal injection of this fluorescent 
tracer the total cell number, and the absolute amount of CD11c+ DCs of the skin-drain-
ing (popliteal) LN were similar (Figure 2A). However, quantification of the MHC-IIhi ex-
pressing migratory CD11c+EαGFP+ DCs that had taken up Ag from the skin showed that 
more than 50% fewer Ag+ cells reached the sdLNs in Dse-deficient mice (Figures 2B 
and 2C). Remarkably, not only Ag+ DCs were affected in their migration to Dse-deficient 
sdLNs, also the total number of CD11c+MHC-IIhi DCs were reduced to half of the popu-
lation observed in WT littermates, irrespective of Ag uptake (Figures 2B and 2C). For 
these MHC-IIhi skin-derived DCs, it is known that they continually migrate from the skin 
at a low rate to the draining LN and that upon intradermal immunization the migratory 
numbers significantly increase [2, 22].

In summary, these findings imply that in Dse-deficient mice both basal as well as in-
duced migration of CD11c+MHC-IIhi DCs from the skin to the draining LN is reduced.

Figure 2.  In vivo migration of dermal dendritic cells (DCs) to skin-draining lymph nodes (sdLNs). sdLNs 
of wild type (DseWT) and Dse-deficient (DseKO) mice were isolated 40 h after intradermal injection with EαG-
FP in the ankle. (A) Absolute number of total sdLN cells (left panel) and CD11c+ DCs (right panel, sdLN DCs) 
recovered from the sdLNs 40 h after intradermal injection. (B) Absolute number of total MHC-IIhi DCs (left 
panel) and MHC-IIhiEαGFP+ DCs (right panel) found within the total CD11c+ DC population of the sdLNs after in-
tradermal injection (for (A,B) bars are mean ± SD; n= 3 mice, 2 sdLNs/mouse, *p ≤ 0.05, **p ≤ 0.01). (C) Gating 
strategy used to identify CD11c+MHC-IIhiEαGFP+ migratory DCs in the sdLNs, as presented in (A,B).

Dendritic cell migration to skin-draining lymph nodes is controlled by
dermatan sulfate and determines adaptive immunity magnitude



44

Chapter Two

Ex vivo basal and CCL21-induced migration of Dse-deficient DCs is 
unaffected

To determine whether the difference in CD11c+MHC-IIhi EαGFP+ cells that reached the 
draining LNs could be explained by reduced presence of DCs in the skin of Dse-deficient 
mice, we analyzed homeostatic skin of adult WT and Dse-deficient littermates. By apply-
ing 3D ultra-microscopy of whole mount ears, we could clearly detect that the distribu-
tion of skin-resident MHC class II expressing DCs in Dse-deficient mice was comparable 
to WT littermate controls throughout the whole tissue (Figure 3A).

Next, to address if these DCs were equally able to migrate from their location in the skin, 
we collected uninflamed ears and separated the dorsal from the ventral halves, expos-
ing the dermis using forceps [20, 23]. We specifically used the ears, as the dermis of the 
mouse ear skin is very thin, and prone to injury, which upon mechanical separation of 
the two halves results in the disruption of the local microenvironment, including the 
collagen network [24]. Therefore, in contrast to other parts of the body skin, including 
the ankle, this skin tissue can be readily used to monitor basal and chemokine-induced 
ex vivo migration without the barrier function of the ECM. For measuring DC emigration 
capacity, we transferred the dorsal halves, dermis down, to a culture dish, and allowed 
the cells to migrate for 40 h either or not in the presence of 250 ng/mL CCL21, a po-
tent chemoattractant and promoter of transmigration of DCs across lymphatic endo-
thelia [25]. Using this specific assay, we found that upon exposure of the dermis, the ex 
vivo migratory capacity with a disturbed ECM barrier is similar for skin-residing DCs of 
Dse-deficient and WT mice, irrespective of the presence of CCL21, as comparable cell 
numbers were acquired (Figure 3B).

Finally, to further support equal migratory functionality, we purified DCs obtained from 
Dse-deficient and WT animals. Upon isolation, the DCs were allowed to migrate in vitro, 
toward a gradient of 250 ng/mL soluble CCL21 or medium only for 2 h, using a Transwell 
migration assay. Importantly, in line with the ex vivo dermal sheet migration assay, both 
basal and CCL21-induced migration of Dse-deficient DCs was unaffected (Figure 3C). 

As such, these results highly suggest that the observed in vivo impaired migration of skin-de-
rived DCs to the draining LNs in Dse-deficient mice is neither a result of DC seeding density 
in the skin, nor a reflection of intrinsic defects in the migration ability of the DCs themselves, 
but rather an effect of an altered ECM composition in the dermis of the intact skin.

Loss of Dse results in a reduced cellular immune response

Since we identified a more than 50% reduction in the amount of Ag-bearing DCs in the 
sdLNs upon intradermal injection (Figure 2B), we hypothesized that naï�ve T cell activation
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Figure 3. Skin distribution and ex vivo intrinsic migration potential of dendritic cells (DCs). (A) MHC 
class II (green) expressing DC density in skin of wild type (DseWT) and Dse-deficient (DseKO) mice. Three and 
four distances (in micrometers) are shown. The shortest distance is used (e.g., 19.6 µm) as average distance 
between MHC class II expressing DCs and shown in the bar diagram (n= 3 mice, ≥40 cells/mouse analyzed 
throughout the whole tissue). (B) Total CD11c+ DCs that migrated from dermal sheets of ears (dorsal part) 
upon mechanical disruption obtained from DseWT and DseKO mice. Cells were allowed to migrate for 40 h 
either or not in the presence of CCL21 (250 ng/mL). (C) DCs were isolated from spleen and allowed to migrate 
for 2 h in the absence (control) or presence of 250 ng/ mL CCL21 in a Transwell system. (B) Bars indicate 
mean ± SEM (n= 3 mice, one ear per condition, *p ≤ 0.05). (C) Bars indicate mean ± SEM of 4-6 experiments 
performed in triplicate (each dot represents an individual mouse, *p ≤ 0.05).

Dendritic cell migration to skin-draining lymph nodes is controlled by
dermatan sulfate and determines adaptive immunity magnitude
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Figure 4. IFN-γ production of OVA-specific CD4+ and CD8+ T cells. Total splenocytes of wild type (DseWT) 
and Dse-deficient (DseKO) mice were isolated 10 days after intradermal OVA injection in the ankle, and sub-
sequently stimulated with MHC class II restricted OVA262–276 peptide or with MHC class I restricted OVA257–264 

peptide to induce the production of IFN-γ in CD4+ T cells (A) and CD8+ T cells (B), respectively, and shown as 
percentage of IFN-γ producing over total CD4+ or CD8+ T cells (mean ± SEM; n= 7 mice; *p ≤ 0.05). (C) Gating 
strategy of CD4+ and CD8+ IFN-γ producing CD3+CD11a+T cells (A,B).

in sdLNs would elicit a lower response in Dse-deficient mice. For this purpose, we chal-
lenged mice with an intradermal injection of OVA, together with an inflammation induc-
ing adjuvant, to study the Ag-specific cellular immune response. Ten days after immuniza-
tion, mice were sacrificed and spleens [26] were collected to examine OVA-specific T cell 
responses by means of restimulation with OVA peptides (Figures 4A and 4C). Using either 
OVA262-276 peptide for CD4+ T cells or OVA257-264 peptide for CD8+ T cells [27], we were able 
to identify gamma interferon (IFN-γ) production in OVA-specific CD11a+ T cells (Figure 
4C). For Dse-deficient mice, we found that the percentage of CD4+ T cells producing IFN-γ 
was only half of what we observed in control mice (Figures 4A and 4C), while the CD8+ T 
cell response was even diminished by more than 70% (Figures 4B and 4C).

This severe reduction in T cell activation implies that DS-epimerase 1 is required for 
controlling the efficiency of the T cell responses by regulating the amount of dermal DCs 
that can reach the sdLNs and present peptide:MHC complexes for further activation of 
initially primed T cells.



47

2

Dse-deficient mice have fewer Ag-specific GC B cells and lower anti-
body titers

For B cells to become Ag-specific antibody-producing plasma cells, they need to specif-
ically recognize their Ag, and upon B cell receptor engagement, they require cognate 
T cell help to initiate a GC reaction [28]. These cognate T cells are derived from the 
peptide:MHC specific CD4+ T cell pool, of which the amount of IFN-γ producing cells 
was severely reduced (Figures 4A and 4C). In line with these findings, we found that the 
absolute number of Ag-specific GC B cells, 10 days after intradermal OVA injection, was 
also more than 50% lower in Dse-deficient mice (Figures 5A and 5B). Since we found 
normal drainage of soluble Ag into the draining LN (Figures 1C and 1D), this illustrates 
that the limited amount of cognate helper CD4+ T cells (Figures 4A and 4C) impedes the 
induction and recruitment of normal quantities of GC B cells into the GC reaction re-
sulting from fierce competition for peptide:MHC complexes [28, 29]. As a consequence, 
OVA-specific immunoglobulin titers in Dse-deficient mice measured at day 10 after im-
munization were much lower (<55%) compared to WT littermates, despite the detec-
tion of equal numbers of B220+ B cells in OVA-draining LNs (Figures 5C and 5D). This 
further supports the notion that fewer Ag-specific B cells have been recruited into the 
GC reaction, leading to less antibody-producing plasma cells and a significant reduction 
of OVA-specific serum immunoglobulin levels in Dse-deficient animals [28, 29].

Taken together, our results support an important and novel role for DS-epimerase 1 in 
regulating the normal release of Ag-bearing DCs from the dermis of the skin, through 
modification of the ECM, in particular collagen fibrillogenesis [14, 30]. Accordingly, 
naï�ve T and B cells were inadequately activated in the sdLN, leading to an inefficient 
commencement of the subsequent Ag-specific adaptive immune response, triggered 
upon intradermal immunization

Dendritic cell migration to skin-draining lymph nodes is controlled by
dermatan sulfate and determines adaptive immunity magnitude
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Figure 5. OVA-specific germinal center (GC) B cells and serum immunoglobulin levels. (A) Control 
non-draining lymph nodes (LNs) and OVA-draining LNs of wild type (DseWT) and Dse-deficient (DseKO) 
mice were isolated 10 days after intradermal OVA challenge and analyzed for OVA-specific GC B cells (mean 
± SEM; n= 6 mice, 2 LNs/mouse; *p ≤ 0.05). (B) Percentage of B220+ B cells measured in OVA-draining LNs 
10 days after intradermal OVA injection. (C) Gating strategy used to determine OVA-specific GC B cells. (D) 
OVA-specific serum immunoglobulins (arbitrary units, a.u.) measured by ELISA before (naï�ve) and 10 days 
after immunization (mean ± SEM; n= 10 mice, of two independent experiments; **p ≤ 0.01).
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DISCUSSION

Upon infection, a vast array of Ags intrude the host and reach the nearest collecting LNs 
through different mechanisms. While a proportion of Ag quickly travels via lymphatic 
vessels into the lymphatic sinuses and conduits of a draining LN [6, 18, 19], to be ac-
quired by local DCs, a large part is taken up by DCs at the site of infection for transport 
to the same downstream LN [1, 2]. The latter process takes more time, because DCs 
located in the skin need to traverse and degrade a collagen-rich layer in the dermis to 
reach the afferent lymphatics [8, 22]. In this way, Ag encounters distinct DC subsets 
that in two waves present peptide:MHC complexes to T cells in the draining LN. This 
well-timed combination has been demonstrated to be essential for rapid, proper, and 
long-lasting immunity [1, 2]. Notably, hybrid CS/DS chains critically participate in the 
collagen fibril maturation [30], and in its absence, alters the skin collagen structure 
[14]. Here, by using mice deficient for DS-epimerase 1, an essential enzyme in CS/DS 
biosynthesis [13], we provide novel evidence that suboptimal synchronization of these 
Ag waves, caused by altered collagen fibrillogenesis resulting in thicker fibers in the 
dermis, has severe consequences for the initiation of an efficient adaptive immune re-
sponse triggered in the skin.

As a result of Dse ablation, we found a consistent impairment of in vivo DC emigration 
from the skin toward the draining LN, while cell number and architecture were unaf-
fected allowing normal distribution of equal amounts of Ag throughout the LN sinuses 
and conduit system, reaching the HEVs. More specifically, our findings suggest that the 
basal low migration of CD11c+MHC-IIhi migratory DCs from the skin was reduced, in-
dependent of inflammation. This was further supported by our observation that once 
fluorescent Ag was injected, it resulted in fewer Ag+ skin-derived DCs in the draining 
LNs approximately 2 days after introduction into the dermis. This implies that MHC-IIhi 
migratory (Ag-loaded) DCs in the dermis encounter a physical barrier that is harder 
to breach in the absence of DS-epimerase 1 [14], leading to diminished peptide:MHC 
presentation in the sdLN upon Ag exposure. Although a disrupted role for Ag presen-
tation in the sdLN by Langerhans cells (LCs) in our model cannot be entirely excluded, 
we argue that the effect is marginal because it was suggested that dermal DCs have 
an Ag uptake advantage, as intradermal injection leads to Ag deposition in the dermis 
[2]. Nevertheless, the impaired migration of CD11c+MHC-IIhi DCs from the skin, which 
includes LCs, had a major impact on the functional outcome of the Ag-specific immune 
response. Indeed, after intradermal immunization with OVA in combination with an in-
flammation inducing adjuvant, we found that both the cellular and humoral part were 
affected, resulting in lower numbers of Ag-specific T cells and GC B cells, and a decrease 
in protective serum antibody levels.
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Notably, DCs have been shown to express DS-epimerase 1 to some extent, but D4st1 
transcripts were undetectable [5]. This is important, since D4st1 can only generate CS/
DS hybrid structures in conjunction with DS-epimerase 1, and vice versa. These struc-
tures are most often observed on decorin and biglycan, two important proteoglycans. 
Likewise, these multifunctional CS/DS proteoglycans are absent in DCs [5], while highly 
expressed by fibroblasts from the skin [7, 14]. Overall, this suggests that DCs do not 
possess a suitable biosynthetic machinery to argue a DC intrinsic defect in Dse-deficient 
mice [31]. Rather the results seem to reflect that altered collagen fibers in the skin are 
underlying the reduced DC migration that we observe here. Indeed, our data show that 
the ex vivo and in vitro basal and CCL21-dependent migratory capacity of DCs was unaf-
fected by the loss of Dse expression, but in the absence of an ECM network with normal 
integrity. Altogether, this underscores our notion that the barrier function of intact skin 
is critically involved in the regulated release of migratory DCs through DS-epimerase 
1-dependent modulation of the ECM in the dermis.

It should be pointed out that our findings are in support with results obtained in 
Sparc-deficient mice, where the amount of collagen fibers in the skin was reduced with-
out affecting the size in diameter. This eventually led to an accelerated DC migration 
from the skin and a subsequent rapid priming and full activation of naï�ve T cells in the 
draining LN [9]. Together with our results, these data demonstrate that spatiotempo-
ral regulation of the composition and tightness of the ECM can have significant con-se-
quences for the adaptive immune response initiated in the skin, which calls for more 
in-depth analysis of the ECM in controlling the onset of immune processes. This could 
likely have a broader effect on immune reactions originating in other tissues consisting 
of balanced ECM contents, including the lung, for which we have shown high epimerase 
activity that is lost upon DS-epimerase 1 disruption [14].

In summary, our data show that a change in structure of CS/DS GAGs in the dermis is 
detrimental for the induction of an efficient adaptive immune response in sdLNs in mice. 
We previously demonstrated that the presence of DS-epimerase 1 is necessary for the 
formation of collagen fibrils of a consistent and essential size in diameter [14], which 
is controlled by CS/ DS GAGs [10, 13], and that dysregulation of the CS/DS biosynthetic 
machinery crucially affects migration of Ag-loaded DCs residing in the skin. Our findings 
could be clinically important, as humans that lack DSE or CHST14 expression have been 
identified [16, 32-35]. These patients suffer from a connective tissue disorder known as 
musculocontractural Ehlers-Danlos syndrome subtype, which includes skin hyperexten-
sibility as a result of abnormal distribution and deposition of collagen fibers in the dermis 
of the skin [16, 35, 36]. Hence, based on our results, vaccination strategy in patients with 
connective tissue disorders involving the skin ECM might need reconsideration, and sus-
ceptibility to opportunistic skin infections should be explored in more detail.
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MATERIALS AND METHODS

Mice

All mice used in this study were maintained on a mixed C57BL/6-129/SvJ genetic back-
ground as described previously [14]. Mice heterozygous for DS-epimerase 1 (Dse+/-) 
were crossed and all wild-type (WT; Dse+/+; hereafter DseWT) and knockout (Dse-/-; 
hereafter DseKO) littermates were used. All experiments were initiated with mice 
between 7-10 weeks of age. Experiments were approved by the VU University Ethical 
Committee according to Dutch law (MCB-14-19) or the Ethical Committee of Lund University 
according to Swedish law and national guidelines (M27-16).

Fluorescent tracers

EαGFP was a kind gift from Dr. Marc Jenkins [37] and FITC-conjugated OVA was from 
ThermoFisher Scientific. Mice received an intradermal injection in the ankle. Five min-
utes or 40 h after injection, sdLNs were harvested, fixed as described [38], or used as 
single-cell suspensions after enzymatic digestion [39]. ER-TR7 staining surrounding the 
high endothelial venules (HEVs) was surface-masked using Imaris Software (Bitplane, 
version 8.02 or higher). Within this mask, EαGFP mean intensity was measured.

Quantification of DCs in skin

Skin biopsies were pre-treated [20] and processed as described [40]. In short, for quan-
tification of DCs in skin, ears of mice were fixed for 20 min in ice-cold acetone, washed 
with PBS, dehydrated with methanol series (20, 40, 60, 80, and 100%) twice, and subse-
quently rehydrated. Ears were blocked with blocking Fc-receptors using antibody clone 
2.4G2 o/n at 4°C, and subsequently incubated with directly labelled primary antibody 
against MHC class II (clone M5/114, Alexa Fluor 647 labelled) for 4 days in PBS, 4°C, 
rotating. After three washing steps in PBS, ears were embedded in 1.5% low-melting 
agarose for easy handling. Samples were dehydrated with methanol series (20, 40, 
60, 80, and 100%) twice, and overnight incubated in 1:1 methanol:Benzyl-Alcohol/
Benzyl-Benzoate (BABB; 1:2, both Sigma). Next morning, all solutions were replaced 
with BABB and stored in the dark until acquisition. Acquisition was performed using 
the Ultramicroscope (La Vision BioTec, Bielefeld). Images were analyzed using Imaris 
Software. DCs were detected using spots detection function. To calculate the minimal 
distance between the next spot, we used the Spots to Spots closest distance Xtension, 
which calculates and displays the distance to the closest neighbour of the Spots objects 
to determine DC density in the skin.

Dendritic cell migration to skin-draining lymph nodes is controlled by
dermatan sulfate and determines adaptive immunity magnitude
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DC migration assays

For the Transwell migration assay, DCs were isolated from spleens, using Magnisort 
CD11c positive selection kit (Invitrogen) according to manufacturer’s protocol. After 
purification, 50×103 cells were placed in the upper compartment of a 5.0 µm pore size 
Transwell (Corning Costar Corp., Corning, NY, USA) and allowed to migrate for 2 h in 
the absence (medium only) or presence of 250 ng/mL recombinant mouse CCL21 (R&D 
systems) to the lower compartment. For the dermal sheet DC migration assay, ears were 
split into dorsal and ventral halves as described before [20, 23], and dorsal skin part 
was allowed to float on culture medium. Migration of cells was permitted for 40 h either 
or not in the presence of 250 ng/mL rmCCL21 (R&D systems). For both migration as-
says, total migrated cells were quantified using an LSR-Fortessa X20 (BD Biosciences) 
flow cytometer.

Immunization and tissue isolation

Mice received an intradermal injection in the ankle of 100 µg OVA (CalBiochem) with 
adjuvant in 50 µL PBS [41]. Blood was taken at indicated time points to determine 
serum immunoglobulins. Isolated spleen and LNs were snap frozen in Tissue Tek OCT 
(Sakura Finetek) for immunohistochemistry, or used as single cells for culture and/or 
flow cytometry after enzymatic digestion.

Immunofluorescence staining

Staining was performed as described [42]. mAbs used were anti-CD11c-FITC 
(clone M17/4), anti-CD11c (clone N418), anti-IFN-γ-APC(cloneXMG1.2), B220-
AF647(cloneRA3-6B2), anti-CD4-PE (clone GK1.5), anti-CD8-PE (clone 53 -6.7), anti-
GL7-biotin (clone GL.7), anti-CD38-PE (clone 90), goat anti-rat-AF555 all from eBio-
science (ThermoFisher Scientific, MA, USA), anti-IgD-AF647 (clone 11-26c, BioLegend, 
CA, USA), anti-ER-TR7 (clone ER-TR7), anti-CD45-AF647 (clone MP33), and anti-MH-
CII-AF647 obtained from laboratory hybridomas. Biotin was detected using streptava-
din-PerCP-Cy5.5 (eBioscience). Tissue was analyzed using a Zeiss fluorescent micro-
scope (AXIO Imager.D2, Carl Zeiss) or Leica DM6000, captured with ZEN 2 pro software 
(version 2.0.0.0, Carl Zeiss) or Leica software and processed with Adobe Photoshop and 
Illustrator CS6.

OVA-specific ELISA

ELISA was performed as described [27]. In brief, high-binding 96-well plates (Nunc 
Maxisorp) were coated with 5 µg/mL OVA (Sigma-Aldrich) and blocked with 2% bovine 
serum albumin (BSA) in PBS. Serial dilutions of serum in 1% BSA/PBS were incubated 
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for 2 h at RT. Detection of OVA-specific antibodies was achieved by using polyclonal 
rabbit-anti mouse total Ig-HRP (1:2,000; Dako, P0161) in 1% BSA/PBS for 1 h at RT and 
subsequent incubation with 3,3′,5,5′-tetramethylbenzidine as a liquid substrate at RT 
for a maximum of 8 min. Absorbance was measured at 450 nm minus the absorbance at 
570 nm. OVA-specific antibody titers were calculated as area under the curve, normal-
ized to a standard, and shown as arbitrary units (a.u.).

T cell restimulation

Splenocytes were isolated 10 days after immunization and restimulated in 200 µL per 
well (1×106 cells/mL) with MHC class II restricted OVA262-276 peptide (100 µg/mL) for 
16 h or with MHC class I restricted OVA257-264 peptide (0.1 µg/mL) for 5 h at 37°C, of 
which the final 5 h of both stimuli in the presence of GolgiPlug (BD Biosciences).

Flow cytometry

Cell staining was performed with mAbs as listed above after blocking Fc-receptors with 
antibody clone 2.4G2. OVA-specific germinal center (GC) B cells were identified using 
5 µg/mL OVA-488 (Invitrogen). IFN-γ was detected as described [27]. Cells were aci-
quired on a Cyan ADP (Beckman Coulter) or LSR-Fortessa X20 (BD Biosciences) flow 
cytometer, and analyzed with Flowjo package 10 (Tree Star). Live/dead cells were dis-
tinguished using Live-Dead-eFluor780 (eBioscience).

Statistical analysis

Significance was determined by GraphPad Prism performing a two-tailed unpaired Stu-
dent’s t-test.
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Within lymph node (LN), T follicular helper (TFH) cells provide help to B cells to produce 
antibodies, which can either be protective or autoreactive. Here we demonstrate that 
murine lymph node stromal cells (LNSCs) suppress the formation of autoreactive TFH 
cells in an antigen-specific manner, thereby significantly reducing germinal center B 
cell responses directed against the same self-antigen. Mechanistically, LNSCs express 
and present self-antigens in MHC class-II leading to conversion of naï�ve CD4+ T cells 
into T regulatory (TREG) cells in an IL-2 dependent manner. Upon blockade of TREG cells, 
using neutralizing IL-2 antibodies, autoreactive TFH cells are allowed to develop. We 
conclude that continuous presentation of self-antigens by LNSCs is critical to generate 
antigen-specific TREG cells, thereby repressing the formation of TFH cells and germinal 
center B cell responses. Our findings uncover a unique feature of LNSCs to suppress 
early activation of autoreactive immune cells and maintain peripheral tolerance.

ABSTRACT
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Autoimmunity emerges when immune tolerance against self-antigens is lost. As a re-
sult,  recognition of self-antigens by cells of the adaptive immune system leads to the 
formation and development of autoreactive B cells in germinal centers (GC) and auto-
antibody production [1]. T follicular helper (TFH) cells are speculated to be the central 
players in the pathogenesis of autoimmune diseases by steering selective expansion of 
high-affinity autoreactive B cells in GC [2]. Accordingly, alterations in TFH cells are asso-
ciated with the development of a broad range of autoimmune diseases such as Juvenile 
dermatomyositis [3], Sjogren’s syndrome [4, 5], systemic lupus erythematous [5, 6] and 
rheumatoid arthritis [7-11]. TFH cells differentiate within the T cell area of lymph nodes 
(LNs) and are identified by expression of Cxcr5, PD-1 and Bcl6 [12]. Bcl6 is an essen-
tial transcription factor for their development while expression of chemokine receptor 
Cxcr5 guides TFH cell migration to B cell follicles, where they contribute to maturation 
and differentiation of B cells [12].

Regulatory pathways need to be in place to control the formation and development of 
autoreactive TFH cells. Among diverse regulatory mechanisms, it is of particular impor-
tance to mention the fundamental role of T regulatory (TREG) cells in preventing autore-
active T cell formation in the thymus and periphery [13]. Generation of TREG cells in the 
thymus is the result of recognition of self-antigens by T cells bearing a high affinity T 
cell receptor (TCR) [14]. Expression of the vast majority of self-antigens in the thymus 
is restricted to a unique non-hematopoietic stromal cell population known as medul-
lary thymic epithelial cells (mTECs), which are able to steer differentiation of CD4+ T 
cells with high affinity TCR into FoxP3+ TREG cells [15-18]. Expression and presentation 
of self-antigens, however, is not limited to mTECs in the thymus, as several lymph node 
stromal cell (LNSC) subsets including fibroblastic reticular cells (FRC), lymphatic en-
dothelial cells (LEC), blood endothelial cells (BEC) and double negative cells (DN) also 
display unique expression patterns of self-antigens [19-21]. The effect of self-antigen 
presentation by LNSCs on autoreactive T cells has been shown in various studies [19-
25], suggesting that the process of peripheral tolerance is necessary to further complete 
TREG cell generation in the thymus.

Recently, we have demonstrated that LNSCs constrain immune reactivity via presenta-
tion of self-antigens in MHC-II, which results in selective maintenance of antigen-spe-
cific TREG cells [26]. Expression of MHC-II by LNSCs and not dendritic cells (DCs) was 
shown to be critical to prevent the activation of both CD4+ as well as CD8+ cells [26, 
27]. Nevertheless, the question whether self-antigen presentation by LNSCs may in fact 
induce antigen-specific TREG cell formation, analogous to function of non-hematopoietic 
stromal cells in the thymus, remains elusive. 

INTRODUCTION
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Using antigen-specific CD4+ T cells from TCR transgenic mice, we showed, with in vitro 
and in vivo systems, that antigen presentation by LNSCs resulted in the conversion of 
naï�ve CD4+ T cells into antigen-specific CD25+FoxP3+ TREG cells, a process that depend-
ed on interleukin-2 (IL-2). Converted TREG cells were preferentially present in the area 
close to the B cell follicles. These TREG cells were necessary for the LNSC-mediated sup-
pression of autoreactive TFH cells, which supported the generation of autoreactive GC 
B cells. Altogether, our data reveal that LNSCs critically participate in maintenance of 
tolerance by expressing and presenting self-antigens necessary for the conversion of 
naï�ve T cell into antigen-specific TREG cells.
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RESULTS

We have previously shown that under steady-state conditions, LNSCs are essential for 
the maintenance of antigen-specific TREG cells via presentation of self-antigen in MHC-II 
[26]. However, it is not clear whether self-antigen presentation by LNSCs leads to the 
induction of TREG cells, or only provides survival signals to existing TREG cells. To directly 
address this we used K14-mOva transgenic mouse, where membrane bound ovalbumin 
(Ova) is expressed as a skin antigen by keratinocytes under the human keratin 14 pro-
moter [26, 28]. Notably, Ova mRNA is expressed by LNSCs and not by any other antigen 
presenting cell such as B cells, macrophages (MΦs) or DCs at steady-state within the 
LN (Figure S1A). The expression of Ova as a skin self-antigen is at levels equivalent to 
that of Mlana and Tryosinase, two skin-restricted endogenous antigens both previously 
shown to be expressed by LNSCs (Figure S1A) [20]. This indicates that in K14-mOva 
LNs, stromal cells are the only cell type that express Ova as a self-antigen. To explore 
the contribution of LNSCs in TREG cell conversion in vivo, naï�ve CFSE labeled CD4+ T cells 
from OT-II.Rag2-/-, which lack endogenous thymic CD25+FoxP3+ TREG cells (Figure S1B), 
were intravenously injected into wild-type C57BL/6J (WT) and K14-mOva mice. LNs 
were isolated 1 and 3 days after CFSE labeled CD4+ T cell transfer (Figure 1A). Anal-
ysis of peripheral (axillary, brachial, inguinal and popliteal) LNs at day 3 showed that 
Ova-specific TCR-transgenic CD4+CD3+ OT-II.Rag2-/- T cells converted into CD25+FoxP3+ 
TREG cells solely in K14-mOva LNs, wherein Ova is exclusively expressed as a self-antigen 
by LNSCs. Conversion of CD4+ T cells to TREG cells required at least 3 days as the conver-
sion was not observed at day 1 of CD4+ T cells transfer (Figures 1B and 1C). Further-
more, the frequency of endogenous CD25+FoxP3+ TREG cells was comparable between 
WT and K14-mOva LNs (Figures S2A and S2B).

To explore the location of converted TREG in the LNs under homeostatic conditions, we 
injected CFSE labeled CD4+ T cells from OT-II.Rag2-/- to K14-mOva mice. Three days 
later peripheral LNs were isolated and LN sections were stained with a multiplexed 
antibody panel. Injected CFSE labeled CD4+ T cells from OT-II.Rag2-/- appeared to be 
broadly distributed throughout the LN (Figure 1D). Nevertheless, quantitative analysis 
revealed that converted TREG cells were mainly concentrated at the follicle-T-zone inter-
face and interfollicular regions close to B cell area (Figure 1E and Figure S2C). These 
data show that antigen-specific naï�ve T cells can be converted into TREG cells within LNs 
upon self-antigen encounter and that they preferentially localize in the T cell area close 
to the B cell follicles.

Naïve CD4+ T cells can convert into TREG cells in the lymph nodes
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Figure 1. Antigen-specific TREG cell conversion occurs in the lymph nodes. (A) In vivo experimental design 
to study TREG cell conversion in LNs. WT C57L/6J and K14-mOva mice were intravenously injected with 5-8x106 
CFSE labelled CD4+ OT-II.Rag2-/- T cells. 1 and 3 days after CD4+ T cell transfer, mice were sacrificed, LNs isolated 
for analysis of transferred CD4+ OT-II.Rag2-/- T cells by flow cytometry (B, C) and immunofluorescence (D, E). (B) 
Representative contour plots of live CFSE labelled CD4+CD3+ OT-II.Rag2-/- T cells in peripheral LNs, in which the 
numbers in the plots display the frequency of CD25+FoxP3+ TREG cells. (C) Frequency of CD25+FoxP3+ TREG cells 
within CD4+CD3+CFSE+ OT-II.Rag2-/- T cells in peripheral LNs of WT and K14-mOva mice. The data in (C) repre-
sent the mean SEM; one (n=4 mice per group for day 1) and two (n=3 mice per group for day 3) independent 
experiments and analyzed by two-way ANOVA followed by Turkey’s multiple comparison test. ****P < 0.0001. 
(D) Representative immunofluorescence staining of an entire brachial LN section from K14-mOva mice. Arrows 
point to representative converted TREG cells. Images are representative of four LNs (inguinal, brachial, axillary 
and popliteal) from total of three mice. Three sections, representing three different locations within each LN 
were analyzed. (E) Bar graph represent the average distance of CFSE+CD4+FoxP3+ TREG cells to the B cell area. n= 
mean of 4 LNs/3 mice. Data analyzed by unpaired Student’s t-test. *P < 0.05.
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Antigen presentation by LNSCs result in conversion of naïve CD4+ T 
cells into antigen-specific TREG cells

To study the mechanism of TREG cell conversion by LNSCs, co-cultures of Ova expressing 
LNSC lines (isolated from K14-mOva mice) and Ova-specific TCR transgenic CD4+ T cells 
from OT-II.Rag2-/- transgenic mice, were started. In this in vitro model, Ova is expressed as 
self-antigen by the K14-mOva LEC and FRC cell lines and absent in the control cell lines, 
while all cell lines are devoid of hematopoietic antigen presenting cells (Figures S3A and 
S3B). In these co-culture experiments T cell activation could be observed by the upregu-
lation of CD25 at 48 h of culture only when T cells were cultured together with K14-mOva 
LEC. Subsequently, by 72 h of culture, a distinct population of CD25+FoxP3+ TREG cells was 
present  and the frequency of these cells further increased by 96 h of culture (Figures 2A-C). 
This conversion into FoxP3+ cells was not observed in the presence of WT LEC cell line or 
in the absence of stromal cells (Medium) (Figures 2A-C). Similarly, K14-mOva FRC cell line 
was able to convert CD4+ OT-II.Rag2-/- T cells into CD25+FoxP3+ TREG cells. Hereto, we used 
early cell line passages, as FRCs tend to lose the expression of Ova upon long term culture 
(Figures S3A-C). In order to determine whether conversion of naï�ve CD4+ T cells towards 
TREG cells was solely dependent on LNSCs, sorted naï�ve CD4+ OT-II.Rag2-/- T cells (99% pure) 
versus magnetic bead-enriched naï�ve CD4+ OT-II.Rag2-/- T cells were co-cultured with LNSCs 
for 3 days. These experiments showed that the presence of a minor impurity of DCs within 
the bead enriched fraction of CD4+ T cells, was necessary for conversion towards CD25+-

FoxP3+ TREG cells while these were absent within the sorted CD4+ T cells (Figures S3D-H). 
In the absence of these DCs, CD25-FoxP3+ TREG cells which can still be classified as TREG cells 
[29, 30], were generated, while CD25+FoxP3+ TREG cells were absent (Figures S3D-H). These 
data suggest that both FRCs and LECs can present self-antigens to naï�ve CD4+ T cells, which 
converted, with the assistance of DCs, into CD25+FoxP3+ TREG cells upon antigen recognition. 
Although mRNA for the self-antigen Ova was only expressed by LNSCs (Figure S1A), skin 
derived DCs could have picked up Ova in the skin, and as such have contributed to antigen 
presentation in the LN. Therefore, to determine the potential contribution of LNSCs in TREG 
cell conversion, we transplanted (Tx) K14-mOva LNs into WT hosts and analyzed the fate of 
the transferred naï�ve CFSE labeled CD4+ OT-II.Rag2-/- T cells (Figure 2D). In our transplan-
tation model, popliteal LNs of WT recipient mice were surgically removed, and replaced by 
LNs from either WT (WT Tx) or K14-mOva (K14-mOva Tx) mice. After four weeks, lymphat-
ic and blood vasculature are reconnected to the Tx LNs. While LNSCs within the transplant 
are of donor origin, nearly all immune cells of the donor animal are replaced by host-derived 
cells [26, 31-33]. Consequently, Ova expression as self-antigen is confined to the LNSCs with-
in K14-mOva Tx LNs. Four days after intravenously injection of naï�ve CFSE labeled CD4+ OT-II.
Rag2-/- T cells, both Tx and endogenous (host inguinal) LNs were analyzed. The frequency of 
CFSE+CD4+ T cells in transplanted and endogenous LNs was comparable between K14-mOva 
Tx LNs and WT Tx LNs. However, CFSE+CD4+ OT-II.Rag2-/- T cells converted into 
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CD25+ FoxP3+ TREG cells when Ova was expressed as a self-antigen by LNSCs, as seen in 
K14-mOva Tx LNs (Figures 2E-G). Further characterization of the converted CD25+FoxP3+ 
TREG cells in K14-mOva Tx LNs showed negligible expression of Cxcr5, lack of PD-1 and high 
expression of CD62L when compared to endogenous TFH and TREG (Figure S4A). Moreover, 
conversion of CD4+ T cells was not observed in WT Tx LNs or endogenous LNs (Figures 2E-G). 
There were no differences between the two groups in frequencies of endogenous (host-de-
rived) CD4+ T cells and TREG cells within the transplanted and the endogenous LNs (Figure 
S4B-D). In thymic TREG cells, the TREG-specific demethylated region (TSDR) in the FoxP3 gene 
locus is significantly demethylated, which is required for stable FoxP3 expression [34, 35]. 
The TSDR of OT-II.Rag2-/- TREG cells induced by LNSC was methylated to the same degree as 
in activated non-TREG cells of the OT-II.Rag2-/- and in contrast to the demethylated TSDR in 
thymic TREG cells (Figure 2H). This result corroborated that the OT-II.Rag2-/- TREG cells induced 
by LNSC originated from activated conventional OT-II.Rag2-/- T cells. Altogether, these data 
show that in steady-state, the presentation of self-antigen by LNSCs leads to the conversion 
of naï�ve CD4+ T cells into CD25+FoxP3+ TREG cells upon antigen recognition by the TCR.

Figure 2. LNSCs convert antigen-specific naïve CD4+ T cells into TREG cells. (A) CD4+ T cells obtained from 
spleens and LNs of OT-II.Rag2-/- mice were either cultured alone (medium) (n=2) co-cultured with WT LEC 
(n=2) or K14-mOva LEC (n=2) stromal cell lines and CD4+ T cells were harvested at the indicated time points 
and analyzed by flow cytometry. Representative density plots are shown, the numbers in the plots correspond 
to the frequency of the cells within drawn gates of live CD4+ OT-II.Rag2-/- T cell population. Bar graphs repre-
sent the mean frequency of (B) CD25+FoxP3+ TREG cells and (C) CD25+FoxP3- non-TREG cells. The graphs show 
mean SEM of triplicate co-cultures and is representative of 2 independent experiments (24h,48h and 72h) 
and 1 independent experiment for 96h time point. Data analyzed by two-way ANOVA followed by Turkey’s 
multiple comparison test. *P < 0.05,****P < 0.0001. (D) Experimental design to study TREG cell conversion by 
LNSCs in vivo. LNs, either derived from WT or K14-mOVA mice, were transplanted into WT C57L/6J mice, 
and after 4 weeks of recovery WT Tx and K14-mOva Tx  mice were intravenously injected with 8x106 CFSE 
labelled CD4+ OT-II.Rag2-/- T cells. 4 days after CD4+ T cell transfer, mice were sacrificed and transferred CD4+ 
OT-II.Rag2-/- T cells in both transplanted and endogenous (inguinal) LNs were examined using flow cytometry. 
(E) Representative contour plots of live CFSE labelled CD4+ OT-II.Rag2-/- T cells within transplanted (upper) 
and endogenous (lower) LNs, in which the numbers in the plots display the frequency of CD25+ FoxP3+ TREG 
cells. (F) Frequency of CD4+CFSE+ OT-II.Rag2-/- T cells in endogenous and transplanted LNs. (G) Frequency 
of CD25+ FoxP3+ TREG cells within the live CFSE labelled CD4+ OT-II.Rag2-/- T cell population. The data in (F) 
and (G) represent the mean SEM; n=5 mice per group and analyzed by two-way ANOVA followed by Turkey’s 
multiple comparison test. ****P < 0.0001. (H) CD4+ T cells were obtained from spleens and LNs of OT-II.Rag2-

/- mice and co-cultured with K14-mOva LEC cell lines. After 72 hours, CD4+ T cells were harvested and con-
verted TREG cells and non-TREG cells were sorted and compared to sorted naï�ve OT-II.Rag2-/- (CD4+CD3+CD62L+), 
sorted naï�ve WT (CD4+CD3+CD62L+) and sorted thymic TREG WT (CD4+CD3+CD25hi). Heatmap representing 
percentage of TREG -specific demethylated region (TSDR) DNA methylation per subset.
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TREG conversion by LNSCs requires IL-2 and co-stimulation

To assess the specific requirements for TREG cell conversion by LNSCs, we addressed 
whether IL-2 was involved in this process, as IL-2 is crucial in TREG cell maintenance and 
function [36-39], and implicated in TREG cell generation in the thymus [40]. Hereto neu-
tralizing IL-2 antibody was added to the co-culture of naï�ve Ova-specific TCR-transgenic 
CD4+ T cells from OT-II.Rag2-/- with WT LEC or K14-mOva LEC cell lines. Blocking of IL-2 
in culture completely prevented the conversion of naï�ve CD4+ T cells into TREG cells (Fig-
ures 3A-C). Similarly, blockage of MHC-II also prevented TREG cell conversion (Figures 
3A-C). In addition, blocking co-stimulatory ligand CD80 alone, or together with co-stim-
ulatory ligand CD86 diminished the generation of TREG cells (Figures 3A-C). Interesting-
ly, activation of non-TREG cells, as addressed by the expression of CD25 and lack of FoxP3, 
required MHC-II and co-stimulatory molecules but not IL-2 (Figure 3C). As PD-L1 ex-
pression by LECs has been implicated as essential for deletional tolerance of autoreac-
tive CD8+ T cells [41], we also added PD-L1 blocking antibody in our co-culture. Notably, 
no significant effect on TREG cell conversion were observed when using PD-L1 blocking 
antibody (Figures 3A-C). Several studies reported that IL-2 together with TGF-β has a 
significant effect on the induction, maintenance and function of TREG cells [42-44]. How-
ever, TGF-β did not seem to be involved in LNSC mediated conversion of naï�ve CD4+ T 
cells, as TREG cells were still present when cultured together with K14-mOva LEC cell 
line in the presence of neutralizing anti-TGF-β (Figures 3A-C), as seen in a recent study 
[45]. These data further support an essential role of IL-2 and co-stimulatory molecules 
in the conversion of naï�ve CD4+ T cells into CD25+FoxP3+ TREG cells upon the recognition 
of self-antigens, presented by LNSCs in the context of MHC-II molecules.

In accordance with these findings, low levels of MHC-II, compared to expression levels on 
DCs, were detected on all LNSCs subsets when freshly isolated, as shown before [23, 26, 
27, 46] (Figures 3D and 3E). Furthermore, CD80 was mainly expressed by FRCs and LECs 
derived from steady-state peripheral LNs and LNSC lines (Figures 3D and 3E and Figure 
S5A). CD86 expression was barely detectable on either freshly isolated LNSCs or cell lines 
whereas PD-L1 expression was detected at low levels on some FRCs and at higher levels on 
endothelial cells (Figures 3D and 3E and Figure S5A). To further visualize the expression 
of MHC-II and other co-stimulatory molecules, we applied tSNE unsupervised clustering 
[47] to the manually gated CD45-Ter-119- LNSCs using online analysis platform Cytobank 
(Figure S5B and S5C for gating strategy). The tSNE maps indicate the existence of LNSCs, 
in particular FRCs, that co-expressed MHC-II and co-stimulatory molecules at low levels, 
making them suitable as antigen presenting stromal cells involved in converting the naï�ve 
CD4+ T cells into TREG cells (Figure 3F). Altogether, these results indicate that steady-state 
LNSCs express low levels of MHC-II and co-stimulatory molecules, which are required for 
the conversion of naï�ve CD4+ T cells into TREG cells in an IL-2 dependent manner. 
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Figure 3. IL-2 and CD80/86 are necessary for TREG cell conversion by LNSCs. (A) CD4+ T cells were ob-
tained from spleens and LNs of OT-II.Rag2-/- mice and either cultured alone (medium) (n>4) or co-incubated 
with WT LEC (n=2 for all conditions) or K14-mOva LEC stromal cell lines in the presence or absence of neu-
tralizing antibodies as indicated in the figure (n>4 for anti-IL-2, anti-MHC-II; n=2 for anti-CD80, anti-CD86, 
anti-CD80/CD86, anti-PD-L1, anti-TGF-β). 72 hours later, CD4+ T cells were harvested and analyzed by flow 
cytometry. Representative density plots are shown. The numbers in the plots represent the frequency of the 
cells within the quadrants of the live CD4+ OT-II.Rag2-/- T cell population. (B) Bar graphs represent the mean 
frequency of CD25+FoxP3+ TREG cells and (C) CD25+ FoxP3- non-TREG cells. The graphs show mean SEM of tripli-
cate co-cultures and is representative of two independent experiments (D) Peripheral LNs from WT C57BL/6J 
mice were isolated and digested, and stained for CD45, Ter-119, CD31, and gp38. Stromal cells were gated 
as CD45-Ter-119- cells and expression of co-stimulatory and inhibitory molecules on different subclasses 
of LNSCs, as defined by CD31 and gp38 expression, were assessed using flow cytometry. Histograms show 
the expression of indicated receptors on different stromal cell subsets in comparison to DCs (CD45+CD11c+). 
(E) Mean fluorescence intensity (MFI) of MHC-II, CD80,CD86 and PD-L1 on LNSC subsets and DCs (CD45+C-
D11c+). The graphs (E) depict the mean SEM (n=3 mice per experiment) and are representative of 3 indepen-
dent experiments. (F) Data is shown as tSNE plots overlaid with the expression of selected markers.
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LNSCs control autoreactive T follicular helper cells

As TFH cells are known to be the important players in establishing autoimmune diseases 
[2], the potential role of LNSCs in controlling autoreactive TFH cell in vivo was addressed 
by transplanting LNs of WT and K14-mOva mice into WT C57BL/6J hosts followed by 
transfer of Ova-specific TCR-transgenic naï�ve CD4+ OT-II T cells and immunization with 
Ova in incomplete Freund’s adjuvant (IFA) for 4 and 10 days (Figure 4A). Analysis at 
day 4 showed, a significant reduction of Ova-specific Cxcr5+PD1+Bcl6+ TFH cells (OT-
II TFH) within K14-mOva Tx LNs when compared to WT Tx LNs, which was no longer 
apparent at day 10 (Figures 4B and 4C). However, no effect on OT-II TFH cells was seen 
within endogenous LNs in mice that received K14-mOva Tx LNs (Figures 4D and 4E). 
Furthermore, transplantation and immunization did not affect the endogenous pools 
of TFH (endo-TFH) and TREG (endo-TREG) cells (Figure S6A-D). The transferred OT-II TREG 
cells were similar in frequency at day 4 after transfer in both K14-mOva and WT Tx LNs, 
while an increase in OT-II TREG cells was seen in WT Tx LNs at day 10 (Figure S6E). The 
frequency of endo-TFH, endo-TREG and OT-II TREG were not influenced in endogenous LNs 
(Figure S6F-I). Collectively, our data suggest a critical function of LNSCs in controlling 
the formation of autoreactive TFH cell.

IL-2 is required for LNSC-dependent control of autoreactive TFH cells

TREG cells have been implicated to control antigen-specific TFH cells expansion [48]. Our 
data suggest that conversion of naï�ve CD4+ T cells towards TREG cells controls the forma-
tion of autoreactive TFH cells within LNs. To investigate this possibility, the function TREG 
cells was blocked by providing neutralizing IL-2 antibodies when WT Tx and K14-mO-
va Tx mice were immunized with Ova in IFA. Neutralizing IL-2 antibodies or isotype 
control was provided daily for four days. Next, the fate of the transferred CD4+ OT-II T 
cells was analyzed (Figure 5A). As expected, autoreactive OT-II TFH cells were strongly 
reduced in K14-mOva Tx LNs compared to WT Tx LNs, when treated with an isotype 
control antibody (Figures 5B and 5C). However, the frequency of autoreactive OT-II TFH 
cells in K14-mOva Tx LNs treated with anti-IL-2 was similar to WT Tx LNs (Figures 5B 
and 5C). Importantly, both OT-II TREG and endo-TREG cells were considerably depleted in 
anti-IL-2 treated mice when compared to isotype control treated mice (Figure 5D and 
5E). Moreover, no remarkable changes in the frequency of TFH cells within CD4+ OT-II 
T in the endogenous LNs was observed (Figures 5F and 5G). Similar as in the Tx LNs, 
OT-II TREG and endo-TREG cell frequencies in the endogenous LNs were strongly reduced 
in anti-IL-2 treated animals when compared to isotype control animals (Figure 5H and 
5I). Collectively, our data indicate that upon IL-2 blocking TREG cells no longer control 
the generation of TFH cells that react to self-antigens expressed and presented by LNSC, 
and are thus autoreactive.
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Figure 4. Formation of autoreactive TFH cells is controlled by LNSCs. (A) In vivo experimental design to 
study the effect of self-antigen presenting LNSCs on TFH cell formation. WT Tx and K14-mOva Tx mice were 
intravenously injected with 10x106 transgenic CD45.1+CD4+ OT-II T cells. 18 hours later, mice were injected 
with Ova/IFA in the ankles of both hind legs. 4 days and 10 days later, mice were sacrificed and transferred 
CD45.1+CD4+ OT-II T cells of both transplanted and endogenous LNs were examined using flow cytometry. (B 
and D) Representative density plots of CD45.1+CD4+CD19- OT-II T cells are shown. The numbers in the plots 
display the percentage of Cxcr5+PD-1+ TFH (OT-II TFH) cells of all live CD45.1+CD4+ T cells within the transplant-
ed and endogenous LNs. Histograms represent the expression of Bcl6 in Cxcr5PD-1- (blue; non-TFH) and Cx-
cr5+PD-1+ (red; TFH) T cells within the live CD45.1+CD4+ T cell population. (C and E) The graphs represent the 
percentage of OT-II TFH cells of all live CD45.1+CD4+ T cells within the transplanted and endogenous LNs. Data 
show the mean SEM of a combination of 2 independent experiments for day 4 (WT Tx, n=10 mice; K14-mOva 
Tx, n=10 mice in total) and 1 independent experiments for day 10 (WT Tx, n=5 mice; K14-mOva Tx, n=5 mice 
in total). Statistical analyses were done by two-way ANOVA followed by Turkey’s multiple comparison test. 
***P < 0.001, ns= not significant.
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Figure 5. Blockade of IL-2 in vivo prevents TREG development and favors autoreactive TFH cell forma-
tion. (A) In vivo experimental design to study the role of IL-2 in LNSC-mediated TFH cell suppression. WT Tx 
and K14-mOva Tx mice were intravenously injected with 10x106 transgenic CD45.1+CD4+ OT-II T cells. 18 
hours later mice were injected with Ova/IFA in the ankles of both hind legs. Mice were injected intraperito-
neally with isotype control or anti-IL2 neutralizing antibodies once a day for 4 days. At day 5, mice were sac-
rificed and transferred CD45.1+CD4+ OT-II T cells in both transplanted and endogenous LNs were examined 
using flow cytometry. (B and F) Representative density plots of live CD45.1+CD4+Cxcr5+PD-1+ TFH cells are 
shown. The numbers in the plot display the frequency of Cxcr5+PD-1+ TFH cells within the live CD45.1+CD4+ 
T cell population of the transplanted and endogenous LNs. (C and G) The graphs represent the frequency of 
OT-II Cxcr5+PD-1+ TFH (OT-II TFH) cells within the live CD45.1+CD4+ T cell population of the transplanted and 
endogenous LNs. (D and H) The graphs represent the frequency of CD45.1+CD4+CD25+FoxP3+ OT-II TREG cells 
and (E and I) CD45.1-CD4+CD25+FoxP3+ endogenous (endo) TREG cells within the live CD4+ T cell population 
of the transplanted and endogenous LNs. Data shown is the mean SEM (WT Tx, n=6 mice; K14-mOva Tx, 
n=6 mice) and are representative of 2 independent experiments. Statistical analyses were done by two-way 
ANOVA followed by Turkey’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns= 
not significant
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Self-antigen presentation by LNSCs controls autoreactive B cell for-
mation

Since TFH cells are critical for the development and maintenance of GC B cells [49-52], 
formation of Ova-specific GC B cells within Tx LNs was determined. For this purpose, 
WT or K14-mOva LNs were transplanted into WT C57BL/6J mice, followed by intra-
venous injection of Ova-specific TCR-transgenic naï�ve CD4+ OT-II T cells, 4 weeks post 
transplantation. After 18 h, the mice received a subcutaneous injection of Ova in IFA, 
and 10 days later CD19+CD38-GL7+Ova+ GC B cells in Tx LNs were analyzed (Figure 6A). 
The frequencies of total B cells and GC B cells were comparable between Tx LNs from 
WT versus K14-mOva mice (Figures 6B-D). However, the Ova-specific B cells were sig-
nificantly reduced in K14-mOva Tx LNs as compared to WT Tx LNs (Figures 6B and 6E). 
Moreover, the reduction of Ova-specific B cells was restricted to K14-mOva Tx LNs, as 
the endogenous LNs showed similar frequencies of B cells, GC B cells and Ova-specific 
GC B cells (Figures 6F-I). Altogether, these results support a model in which self-antigen 
presenting LNSCs promote the differentiation of autoreactive CD4+ T cells into TREG cells 
while preventing generation of TFH cells, thereby reducing GC B cells formation directed 
against the same self-antigen.
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Figure 6. LNSCs control the formation of autoreactive germinal center B cells. (A) In vivo experimental 
design to study the effect of self-antigen presenting LNSCs on GC B cell formation. WT Tx and K14-mOva Tx 
mice were intravenously injected with 10x106 transgenic CD45.1+CD4+ OT-II T cells. 18 hours later mice were 
injected subcutaneously with Ova/IFA in the ankles of both hind legs. 10 days later mice were sacrificed and 
B cells in both transplanted and endogenous LNs were examined using flow cytometry. (B and F) Represen-
tative density plots of CD4-CD19+ B cells are shown. The numbers in the upper plots display the frequency 
of CD38-GL7+ GC B cells and lower plots display Ova+ B cells within the live CD4-CD19+CD38-GL7+ GCs B cell 
population of the transplanted and endogenous LNs. The graphs represent the frequencies of (C and G) CD4-

CD19+ B cells, (D and H) CD38-GL7+ GC B cells and (E and I) Ova+ specific GC B cells within the live CD4-CD19+ 
B cell population of the transplanted and endogenous LNs. Data shown represent the mean SEM (n=5 mice 
per group) and is representative of 2 independent experiments. Data is analyzed by unpaired Student’s t-test. 
**P < 0.01, ns= not significant.
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DISCUSSION

The repertoires of naï�ve T cells as well as TREG cells are generated in the thymus, and af-
ter completion of their thymic differentiation, naï�ve T cells enter the periphery. Through 
the expression of LN homing receptors, naï�ve T cells migrate with great efficiency to the 
LNs, where they may encounter the antigen that they can specifically recognize with 
their TCR when presented by hematopoietic antigen presenting cells. This migration is 
also important for the interaction with LNSCs to complete the control of autoreactive 
T cell development [22-25, 41]. Our data showed that presentation of self-antigens in 
the context of MHC class II molecules by LNSCs, together with the assistance of DCs, re-
sulted in the conversion of naï�ve CD4+ T cells into TREG cells. Furthermore, the converted 
TREG cells were methylated to a similar degree as seen in naï�ve CD4+ T cells, unlike the 
demethylated TSDR in thymic TREG cells, providing further evidence that the converted 
cells are derived from naï�ve T cells. These TREG cells lacked Cxcr5 and PD-1 expression, 
which are classical markers of TFH cell, suggesting that converted TREG cells do not have 
follicular regulatory T cell (Tfr) properties [53, 54] at least at day 3 after T cell transfer. 
This conversion was antigen-specific and required CD80 co-stimulation, as well as IL-2. 
Both LECs and FRCs have the capacity to mediate this conversion in vitro, while convert-
ed TREG cells are preferentially found within the T cell zone close to the B cell follicles 
at 3 days after T cell transfer. Since FRCs as well as LECs can be found around the B cell 
follicles, both populations may be responsible for this process within our system [55]. 
Blocking the function of TREG cells by anti-IL-2 allowed the development of antigen-spe-
cific TFH cells. Our data indicate that LNSCs can inhibit the development of autoreactive 
B cells by promoting TREG cell formation at the expense of TFH cells generation from au-
toreactive CD4+ T cells. 

Analysis of freshly isolated LNSCs showed that both FRCs and LECs expressed low levels 
of MHC-II and co-stimulatory CD80, thereby marking both subsets as potential antigen 
presenting LNSCs involved in conversion of naï�ve T cells into TREG cells. In our model, 
Ova expression was confined to the peripheral LNSCs as other antigen presenting cells 
such as B cells, MΦs or DCs lacked Ova expression. While both DCs as well as LNSCs 
could be the source of co-stimulatory cells, LNSCs are the obligatory source of self-anti-
gens in the context of MHC-II molecules [26, 27]. We propose that DCs may assist in this 
process as DCs have the capacity to pick up antigen from other cells [56] and can thus 
participate in presenting self-antigen derived from LNSCs, leading to T cell conversion. 
In our transplantation model, tissue necrosis may result in such an uptake of self-anti-
gens by DCs leading to conversion of endogenous OVA specific T cells towards TREG cells. 
Self-antigen presentation by LNSCs, when assisted by DCs, induced CD25 expression 
on naï�ve CD4+ T cells, suggesting initial activation of T cells upon encounter of MHC-
II/peptide and CD80, potentially leading to low levels of IL-2 production. Indeed, 
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blockade of MHC-II prevented the induction of CD25 expression, as well as induction 
of FoxP3 expression. The produced levels of IL-2 were not sufficient to induce T cell 
proliferation [26] but were necessary to induce the conversion of naï�ve CD4+ T cells into 
CD25+FoxP3+ TREG cells in our in vitro and in vivo models. These results are in agreement 
with the essential role of IL-2 as central key player, in development, maintenance and 
function of TREG cells [37-39, 57, 58].

The site within the LN where converted T cells preferentially locate is within the T cell 
area close to the boundary of the B cell follicles. In support of the possibility that con-
version is taking place at this location is the report that clusters of pStat5 expressing 
FoxP3+ T cells with few IL-2 producing CD4+ T cells, are present within LNs in steady-
state at the outer T cell areas close to the B cell follicles. This specific localization re-
quired TCR triggering, suggesting antigen encounter by T cells at the B-T cell border 
[59]. It is therefore likely that within this area subsets of sessile LNSCs that present 
self-antigens are localized. The recently described population of CCL19lo LNSCs is spe-
cifically assigned to reside within this area at the T-B cell border. Interestingly, these 
cells potentially co-express the necessary molecules MHC-II and CD80 [60]. Further-
more, CCL19lo LNSCs express all molecules required to attract immune cells to such 
regulatory hotspots, as mRNA transcripts for CCL21 and Ch25h, described to attract 
DCs as well as B and T cells, are detected in these cells [60]. These locations could be the 
same as those to which conventional DC2 (cDC2), a DC subset, together with naï�ve CD4+ 
T cells were described to localize, promoting CD4+ T cell help for CD8+ T cell responses 
[61]. Thus, by attracting incoming naï�ve T cells to these self-antigen presenting stromal 
cells, autoreactive T cells can be converted into TREG cells and come in contact with DCs 
in order to further control potential autoreactive T cells.

The subclass of IL-2 producing CD4+ T cells, that were shown to be present in steady-
state LNs, was not further specified [59]. However, a recent report by DiToro et al., 
(2018) showed IL-2 producing T cells to be precursors for TFH cells [62]. Thus, autore-
active naï�ve CD4+ T cells that have not been depleted in the thymus and reach peripheral 
LNs can differentiate into TFH cells upon self-antigen encounter, thereby providing IL-2 
for the generation of TREG cells, as we show here. When access to self-antigen recogni-
tion is denied, larger quantities of IL-2 are produced and clustering of pStat5+ cells is 
lost, leading to the loss of control of T effector cells by TREG cells [59]. Similarly, within 
our experiments, blockade of TREG cells resulted in an increase in TFH cells. As these TFH 
cells were directed against self-antigen expressed by LNSCs, we could follow the conse-
quences of these autoreactive TFH cells for the differentiation of antigen-specific B cells. 
Indeed, increased numbers of TFH cells resulted in an increase in B cells specific for the 
same antigen. Thus, our data strongly suggest that the generation of autoreactive B- and 
T cells can be controlled at the level of LNSCs and dysregulation of LNSCs, as a result of 
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i.e. an ongoing infection, may result in autoantibody production, leading to autoimmu-
nity. Interestingly, we have shown that human LNSCs are functionally altered during the 
earliest phases of rheumatoid arthritis [63, 64] potentially allowing unwanted activa-
tion of autoreactive lymphocytes. Since elevated levels of TFH cells and B cells are seen in 
patients that are at high risk of a broad range of autoimmune diseases [12, 65, 66], these 
observations are also clinically relevant.

In conclusion, our in vitro and in vivo data show the existence of a unique population 
of LNSCs that express MHC-II and possess co-stimulatory properties in steady-state. 
Thereby, with support of DCs, providing essential signals to naï�ve CD4+ T cells to facili-
tate the generation of antigen-specific TREG cells in an IL-2-dependent manner. By doing 
so, LNSCs limit autoreactive TFH cell formation and control the autoreactive humoral 
immune response. In addition, the function of these LNSCs need to be further studied in 
human during health and autoimmunity to explore whether we can use their properties 
for therapeutic strategies.
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MATERIALS AND METHODS

Mice

C57BL/6J (wild-type), human keratin 14 membrane-bound ovalbumin (K14-mOva) (on 
the C57BL/6 genetic background) and F1 generation of C57BL/6J-Tg (TcraTcrb) 425Cb-
n/J (OT-II) crossed to C57BL/6-CD45.1 (Charles River, Italy) transgenic mice were used 
between six to twelve weeks of age. For transplantation experiments, host and donor LNs 
were obtained from male mice between six to eight weeks of age. To specifically study 
TREG cell conversion by LNSCs, we generated OT-II.Rag2-/- by crossing Rag2-/- to OT-II mice. 
All the mice were bred and maintained in our colony at VU university in Amsterdam. The 
mice were kept under specific pathogen-free conditions. All animal experiments were re-
viewed and approved by the VU University Scientific and Ethics Committees.

Lymph node transplantation

LN transplantations were performed as described previously [67]. In brief, wild-type re-
cipient mice were anesthetized by intraperitoneal injection of xylazine and ketamine. The 
popliteal fossa was chosen as the peripheral site of transplantation, after removal of the 
host popliteal LN. Each male recipient received two peripheral LNs (axillary, brachial or 
inguinal), one in each popliteal fossa, of either wild-type or K14-mOva male donor mice. 
Right before transplantation, donor LNs were trimmed from surrounding fat and kept 
on ice in IMDM plus 10% fetal bovine serum until transplantation. Blood and lymphatic 
vasculatures were allowed to restore for at least 4 weeks, after which all functional exper-
iments with transplanted LNs were performed.  

Adoptive transfer

LNs and spleens of OT-II or OT-II.Rag2-/- transgenic mice were isolated and single cell sus-
pensions were obtained by cutting the tissues and flushing them through a 70 µm nylon 
cell strainer. Splenic erythrocytes were removed with ammonium-chloride-potassium 
(ACK) lysis buffer for 3 min at room temperature. CD4+ T cells were enriched using Mag-
niSort™ mouse CD4+ T cell enrichment kit (Invitrogen) following the manufacturer’s in-
structions. Purity was on average >85%. CFSE (Invitrogen) labelling was performed as 
described previously [68]. 8-10x106 CFSE-labeled CD4+ T cells were transferred intrave-
nously (i.v.) in saline solution into the tail vein of the WT C57BL/6, K14-mOva or trans-
planted mice. Transplanted LNs and endogenous LNs (inguinal LNs) were isolated 4 and 
10 days after injection of CD4+ T cells.
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Immunization 

Immunization occurred the next day (around 18 hours) after adoptive transfer of CD4+ 
OT-II T cells. Mice were immunized subcutaneously in the both ankles, with 50 µg Ova 
(CalBiochem), emulsified in 30% IFA (Sigma-Aldrich) in 30 µl PBS. Transplanted LNs 
and endogenous LNs (inguinal LNs) were isolated 4 and 10 days after immunization. 
Isolated lymphoid organs were passed through a 70-μm nylon cell strainer to obtain 
single cell suspensions for flow cytometry.

IL-2 neutralization 

To examine the role of LNSCs in generating TREG cell and controlling autoreactive TFH 
cells, WT Tx and K14-mOva Tx mice were treated intraperitoneally with 0.5 mg to 1 mg 
of anti-IL-2 antibodies (mixture of clones JES6-1A12 and S4B6-1; BioXcell) or isotype 
control (2A3; BioXcell) daily for 4 days before analyzing.

Flow cytometry

Cell suspensions from LNs were stained with eBioscience™ Fixable Viability Dye eFluor™ 
780 (Invitrogen) for 15 min, followed by 10 min blocking in PBS containing 5% normal 
mouse serum (NMS) and 2% Fetal bovine serum (FCS) (Biowest) on ice in dark. The cells 
were then incubated with indicated labelled antibodies (details are Supplementary Table 
1) for 30 min in dark. For surface staining of Ova-specific B cells, cells were incubated with 
directly labeled Ova alexa fluor 488 (1:100, Invitrogen) for 30 min on ice in dark. For intra-
cellular staining, cells were fixed and permeabilized for 45 min using eBioscience™ Intra-
cellular Fixation and Permeabilization Buffer (Invitrogen) followed by antibody staining for 
intracellular molecules (details are listed in Supplementary Table 1) for 60 min. Cells were 
washed 2 times with PBS containing 2% FCS and once with PBS before acquiring with FACS 
machine. All flow cytometry experiments were performed at the O2-flow facility at Amster-
dam UMC, Department of Molecular Cell Biology and Immunology, using BD LSRFortes-
sa™ X-20 (BD Biosciences) and analyzed with FlowJo software (TreeStar Inc.). To generate 
tSNE plots, the compensated live CD45-Ter-119- stromal cells were exported per individual 
mouse into a FCS file and uploaded to the Cytobank cloud-based platform (https://www.
cytobank.org/) to use visualization tools and unsupervised clustering. Using the viSNE 
module, we generate tSNE plots for LNSCs on the following input and analysis settings: all 
CD45-Ter-119- stromal cells used, number of iterations: 7500, Perplexity: 30, Theta: 0.5. 
Cells were clustered by gp38, CD31, MHC-II, CD80, CD86 and PD-L1 expression. Next, we 
identified and manually gated on different subsets of LNSCs as represented by the tSNE 
clustering analysis color-coded, and overlaid with the expression of selected markers as 
represented in the graph (Fig. 4d). Mean fluorescence intensity (MFI) of the indicated mol-
ecules on LNSCs and CD45+CD11c+ DCs were calculated using FlowJo software.

3

Lymph node stromal cells generate antigen-specific regulatory T cells and 
control autoreactive T- and B cell responses



80

Chapter Three

Immunofluorescence staining

LNs were dissected and fixed in 1% paraformaldehyde (PFA, Electron Microscopy Scienc-
es) for 3 h, cryprotected in 30% sucrose (w/v) and subsequently embedded in OCT com-
pound (Sakura Finetek Europe) and stored in -800C until sectioning. Lymph nodes were 
serially sectioned (7µm) on gelatin coated slides. Sections were fixed for 10 min in ace-
tone and blocked with blocking buffer containing 10% NMS, 1% bovine serum albumin 
(BSA), 0.3% Triton X-100 (Sigma-Aldrich), 0.3% tween 20 (Sigma-Aldrich) and 2% new-
born calf serum (NBCS) in PBS for 1h. Sections were stained with appropriate primary 
and secondary antibodies (details are listed in the Supplementary Table 1) for 1h at room 
temperature and acquired using a Leica SP8 confocal microscope. Images were analyzed 
using Imaris Software (Bitplane, version 9.02 or higher). First, CFSE+ cells were masked 
using the surface creation wizard including the watershed segmentation algorithm re-
sulting in single cell objects representing individual CFSE+ cells. Surface objects with 
FoxP3 marker expression above threshold were subsequently filtered and duplicated into 
new objects representing CFSE+FoxP3+ cells. B cell follicles were masked in a similar way 
using the surface creation wizard, but without cell segmentation, resulting in B cell follicle 
objects. Using the Imaris XT distance transformation, the shortest distance of CFSE+ and 
CFSE+FoxP3+ surfaces to the outside of the B cell follicle surface was determined. These 
distances were exported to excel and mean distance of each cell type was calculated and 
used in Prism 7 (GraphPad) or higher for statistical analysis. We used Imaris snapshot 
function for image representations. For analysis, out of three different mice, three sections 
divided by at least 25 sections thus representing three different locations within each 
lymph node, were stained and analyzed.

LNSC lines preparation 

For in vitro assays, skin-draining LNs (axillary, brachial and inguinal) of wild-type or 
K14-mOva mice were dissected, digested and sorted for long-term cultures as described 
before [26, 69]. In short, skin-draining LNs were digested using the enzymatic mixture 
of 0.2 mg/ml collagenase P (Roche), 0.8 mg/ml Dispase II (Roche) and 0.1 mg/ml DNAse 
I (Roche) in RPMI medium (Invitrogen) without serum. Cell suspensions were filtered 
through a 70-μm nylon cell strainer and then cultured on collagen (Sigma-Aldrich) coated 
flasks using IMDM (Gibco) containing 10% FCS (Biowest) 2% glutamine (Gibco) and 2% 
penicillin-streptomycin (Gibco). Stromal cells were allowed to adhere to the collagen ma-
trix and were washed after 24 h to remove non-adherent cells. After 8 days, cell cultures, 
primarily containing LECs and FRCs, were subsequently released from the flasks using 
trypsin (Gibco), washed and sorted using BD FACSAria™ Fusion (BD Biosciences). The 
stromal cells lines were routinely characterized by flow cytometry to ensure the mainte-
nance of stable phenotypes.
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T cell co-culture assays

LNs and spleens of naï�ve OT-II.Rag2-/- were dissected. Red blood cells of the spleens were 
lysed with ACK lysis buffer for 3 min at room temperature. Antigen-specific CD4+ T cells 
were enriched (purity on average >85%)  using MagniSort™ mouse CD4+ T cell enrich-
ment kit (Invitrogen). In some experiments, CD4+ T cells were sorted to 99% purity and 
used in co-cultures. To study the ability of LNSCs in converting naï�ve CD4+ T cells into TREG 

cells, CD4+ T cells were co-cultured with LEC and FRC cell lines derived from wild-type or 
K14-mOva mice at the ratio of 1:10 (stromal cell:T cell) in a 24-well plates (Greiner bio-
one) for 3 to 4 days using IMDM medium (Gibco) containing 10% FCS (Biowest) 2% glu-
tamine (Gibco), 2% penicillin-streptomycin (Gibco) and 50 µM β-mercapethanol (Gibco). 
In all co-cultures, stromal cells were cultured on collagen (Sigma-Aldrich) coated 24-well 
plates 24 h before adding the T cells. To assess the mechanism of antigen-specific TREG cell 
conversion by LNSCs, naï�ve CD4+ T cells of OT-II.Rag2-/- were co-cultured with WT LECs or 
K14-mOva LEC in the presence of the following antibodies: anti-IL-2 (S4B6-1; 10µg/ml), 
anti-MHC-II (M5/114; 10µg/ml), anti-CD80 (16-10A1; 10µg/ml), anti-CD86 (GL-1; 10µg/
ml), anti-PD-L1 (10F.9G2; 10µg/ml) and anti-TGF-β (1D11.16.8; 10µg/ml) for 3 days at 
37oC. In some condition MHC class II restricted   Ova262–276 peptide (10 ng/ml) was added.

Quantitative RT-PCR

To evaluate self-antigens expression by LNSCs ex vivo, the digested LNs were pre-en-
riched for LNSCs using MagniSort™ mouse CD45+ selection kit (Invitrogen). The CD45- 

fraction was used to sort stromal cells subsets and CD45+ fraction was used to sort B cells 
(CD45+CD19+), MΦs (CD45+CDllb+CDllc-) and DCs (CD45+CDllbintCDllc+). For characteriza-
tion of cell lines, stromal cells (5x104) were cultured on 24-well plates (Greiner bio-one) 
using IMDM medium (Gibco) containing 10% FCS (Biowest) 2% glutamine (Gibco), 2% 
penicillin-streptomycin (Gibco) for 24h and washed 2 times using PBS before harvesting. 
For both ex vivo and in vitro, mRNA was isolated using Trizol (Invitrogen) followed 
by cDNA synthesis using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientif-
ic) according to manufacturers’ instruction. Quantitative RT-PCR was carried out using 
Fast SYBERTM Green Master Mix (Applied Biosystems) and ran on StepOnePlus real-time 
PCR system (Applied Biosystems) or Viia 7 real-time PCR system (Applied Biosystems). 
The expression of genes (Supplementary Table 2) was normalized to the expression of 
selected housekeeping gene.

Methylation analysis of the TSDR

Cells were proteinase K digested, followed by bisulfite conversion of genomic DNA us-
ing the EZ DNA Methylation-Direct kit according to manufacturer’s protocol (Zymo Re-
search). Fixed samples were digested for 4 h at 50 oC. Methylation-specific qPCR was 
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conducted at 98 °C for 10 min, 50 cycles of 98 °C for 15 sec and 60 °C for 1 min, followed 
by melt curve analysis as previously described [70] on a LightCycler® -480II (Roche). 
Methylation and demethylation-specific primers sets are listed in Supplementary Table 
2. Primers were designed using MethPrimer program [71]. Methylation of the TSDR (%) 
was calculated using the following formula: 100/(1+2Ct[CG]-Ct[TG]), where Ct[CG] is defined 
as Ct values obtained using methylation-specific primers and Ct[TG] is defined as Ct 
values obtained using demethylation-specific primers.

Statistical analysis

Statistical analysis was performed using Prism 7 (GraphPad) or higher. Two-tailed unpaired 
Student’s t-test and two-way ANOVA followed by Tukey’s multiple comparison tests were 
used as required. All the data is shown as mean ± SEM and p-values <0.05 were considered 
significant.

Data and code availability

This study did not generate datasets or code.
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Fig. S1 related to Fig. 1. Characterization of K14-mOva and OT-II.Rag2-/- mice. (A) Self-antigen expression 
in K14-mOva LN is restricted to stromal cells. Peripheral LNs from K14-mOva were collected and enzymat-
ically digested. The cell suspension were pre-enriched into CD45- and CD45+ cells using CD45+ selection kit. 
Enriched CD45- cells (negative selection) were sorted into the following subsets: FRCs (CD45- CD31-GP38+), 
LECs (CD45-CD31+GP38+) and BECs (CD45-CD31+GP38-). Enriched CD45+ cells (positive selection) were sort-
ed into the following subsets: B cells (CD45+CD19+CD11c-CD11b-), Dendritic cells (DCs) (CD45+CD19-CD-
11c+CD11bint) and Macrophages (MΦs) (CD45+CD19-CD11c-CD11b+). mRNA expression level of CD45, CD19, 
CD11c, CD11b, CD31, Gp38, Ova, Mlana and tyrosinase in cells derived from peripheral LNs of K14-mOva mice 
was determined by real-time qPCR. The graphs shown represent the mean ± SEM (n=2). (B) Spleens from WT 
C57BL/6J and OT-II.Rag2-/- were collected and erythrocytes were removed with ACK lysis buffer and stained 
for immune cells. Representative density plots are shown, numbers next to the drawn gates represent the fre-
quency of CD19+ B cells, CD3+ T cells, CD8+ T cells, CD4+ T cells and CD25+FoxP3+ TREG cells within live cells. 
The graphs shown, represent one experiment (WT C57BL/6J, n=3; OT-II.Rag2-/-, n=3).
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Fig. S2 related to Fig. 1. Quantification of endogenous TREG and converted TREG cells. (A) Representative 
contour plots of live endogenous CD4+CD3+ T cells in peripheral LNs, in which the numbers in the plots 
display the frequency of CD25+FoxP3+ T

REG cells. (B) Frequency of CD25+FoxP3+ T
REG 

cells within endoge-
nous CD4+CD3+ T cells in peripheral LNs of WT and K14-mOva mice. The data in represent the mean ± SEM; 
one (n=4 mice per group for day 1) and two (n=3 mice per group for day 3) independent experiments. (C) 
Converted TREG cells are located close to B cell area. Bar graph represent the average distance of CFSE+CD4+-

FoxP3+ T
REG and CFSE+CD4+FoxP3- non-T

REG cells in indicated LNs of K14-mOva mice to the B cell area. Per 
mouse (n= 3) inguinal LNs (iLNs), popliteal LNs (pLNs), axillary LNs (aLNs) and brachial LNs (bLNs) were 
analyzed. Three sections, representing three different locations within each LN were analyzed. Data shown 
is the mean ± SEM (n=3). Statistical analyses were done by two-way ANOVA followed by Turkey’s multiple 
comparison test. **P < 0.001, ns= not significant.
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Fig. S3 related to Fig. 2. LEC and FRC mediated conversion of naïve CD4+ T cells into antigen-specific 
TREG cells with assistance of dendritic cells. (A) Flow cytometrical characterization of the cell lines, WT LEC, 
K14-mOva LEC, WT FRC and K14-mOva FRC derived upon long-term culture of primary LNSCs. Representative 
dot plots show the expression of CD31 and Gp38 on indicated cell lines. (B) mRNA expression level of CD45, 
Gp38, CD31 and Ova in WT LEC (n=3), K14-mOva LEC (n=3), WT FRC (n=3), K14-mOva FRC passage 20 (p20) 
(n=3) and K14-mOva FRC p3 (n=3) cell lines was determined by real-time qPCR. The graphs shown represent 
the mean ± SEM. (C) CD4+ T cells obtained from spleens of OT-II.Rag2-/- mice were either cultured alone (medi-
um) (n>4) or co-incubated with WT FRC (n=3), K14-mOva FRC p20 (n=3) or K14- mOva FRC p3 (n=3) cell lines. 
72 hours later, CD4+ T cells were harvested and analyzed by flow cytometry. (D) CD4+ T cells obtained from 
spleens of OT-II.Rag2-/- mice and purified by magnetic bead enrichment kit were either cultured alone (medium) 
(n=3) or co-cultured with K14-mOva FRC passage 25 (p25) (n=3) or K14-mOva LEC (n=3) cell lines. 72 hours 
later, CD4+ T cells were harvested and analyzed by flow cytometry. The numbers in the upper plots display the 
frequency of CD11c+ DCs and CD4+ T cells within the live OT-II.Rag2-/- cells. The numbers in the lower plots 
display the frequency of CD25+FoxP3+ T

REG cells within the live CD11c-CD4+ OT- II.Rag2-/- T cell population. The 
graphs represent the frequencies of (E) CD11c+ DCs, (F) CD4+ T cells and (G) CD25+FoxP3+ T

REG 
cells within the 

population of enriched OT-II.Rag2-/- lymphocytes. The data represent the mean ± SEM. (H) CD4+ T cells enriched 
using magnetic beads or sorted on live CD4+ T cells (99% pure) from spleens of OT-II.Rag2-/- mice and were 
cultured alone (medium) (n=2) or co-incubated with K14-mOva LEC (n=2) cell line. MHC-II restricted OVA

262-276 
peptide (10 ng/ml) was added to magnetic beads enriched CD4+ T cells. Representative density plots are shown. 
The numbers in the plots display the frequency of CD25+FoxP3+ TREG cells in medium and K14-mOva LEC.
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Fig. S4 related to Fig. 2. Characterization of converted CD25+FoxP3+ TREG cells and endogenous CD4+ T 
cells in transplanted K14-mOva LNs. (A) Transplanted K14-mOva mice were intravenously injected with 
8x106 CFSE labelled CD4+ OT-II.Rag2-/- T cells. Four days after CD4+ T cell transfer, mice were sacrificed and 
converted CD25+FoxP3+ T

REG cells were examined using flow cytometry. Representative histograms show 
the expression of indicated molecules on naï�ve endogenous CD4+ T cells (CD4+CFSE-CD62L+), converted 
T

REG 
(CD4+CFSE+CD25+FoxP3+), endogenous T

REG (CD4+CFSE-CD25+FoxP3+) and endogenous T
FH (CD4+CFSE- 

Cxcr5+PD-1+) in K14-mOva transplanted LNs (n=5). (B) Representative contour plots of live endogenous 
CD4+CD3+ T cells in peripheral LNs, in which the numbers in the plots display the frequency of endogenous 
CD25+FoxP3+ T

REG cells. (C) Frequency of endogenous CD4+CD3+CFSE- T cells in peripheral LNs of WT and 
K14-mOva mice. (D) Frequency of endogenous CD25+FoxP3+ T

REG cells within the live CD4+CD3+CFSE- T cell 
population. Data in (C) and (D) represent the mean ± SEM; n=5 mice per group.
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Fig. S5 related to Fig. 3. Characterization of LNSC lines and gating strategy of LNSC subsets for tSNE 
plots. (A) Expression of co-stimulatory and inhibitory molecules on WT FRC (n=3) and K14-mOva FRC (n=3), 
WT LEC (n=3) and K14-mOva LEC (n=3) cell lines was assessed using flow cytometry. (B) Classical gating 
strategy of peripheral LNSCs based on gp38 and CD31 expression. The compensated live CD45-Ter-119- FCS 
file was exported from FlowJo analysis software and analyzed using the online analysis platform Cytobank. (C) 
The plot represent high dimensional data in a two-dimensional plot (tSNE1 vs. tSNE2). Cells that are identical 
in expression are clustered together in space.
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Fig. S6 related to Fig. 4. Endogenous TFH and TREG cells are not affected by the transplantation of 
K14-mOva LNs. (A) In vivo experimental design to study the effect of self-antigen presenting LNSCs cells 
on TFH cell formation. WT Tx and K14-mOva Tx mice were intravenously injected with 10x106 transgenic 
CD45.1+CD4+ OT-II T cells. 18 hours later, mice were injected with Ova/IFA in the ankles of both hind legs. 4 
days and 10 days later, mice were sacrificed and endogenous CD45.1-CD4+ T cells of both transplanted and 
endogenous LNs were examined using flow cytometry. (B and F) Representative density plots of endogenous 
CD45.1-CD4+CD19- T cells are shown. The numbers in the plots display the frequency of Cxcr5+PD-1+ TFH 
(endo-TFH) cells within the live endogenous CD45.1-CD4+ T cell population of the transplanted and endog-
enous LNs. Histograms represent the expression of Bcl6 in Cxcr5-PD-1- (blue) and Cxcr5+PD-1+ (red) T cells 
within the live endogenous CD45.1-CD4+ T cell population. (C and G) The graphs represent the frequency of 
endo-TFH cells within the live endogenous CD45.1-CD4+ T cell population of the transplanted and endoge-
nous LNs. (D and H) The graphs represent the frequency of CD45.1-CD4+CD25+FoxP3+ endogenous TREG 
(endo-TREG) and (E and I) CD45.1-CD4+CD25+FoxP3+ transferred OT-II TREG cells within the live CD4+ T cell 
population of the transplanted and endogenous LNs. Data show the mean ± SEM of a combination of 2 in-
dependent experiments for day 4 (WT Tx, n=10 mice; K14-mOva Tx, n=10 mice in total) and 1 independent 
experiments for day 10 (WT Tx, n=5 mice; K14-mOva Tx, n=5 mice in total). Statistical analyses were done by 
two-way ANOVA followed by Turkey’s multiple comparison test. ns= not significant.
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Lymph node stromal cells (LNSCs) are an important regulator of peripheral tolerance by 
eliminating tissue-specific autoreactive T cells that escape central tolerance in the thy-
mus. Recently, we demonstrated that LNSCs present peripheral tissue antigens (PTAs) 
in the context of major histocompatibility (MHC) class II and convert autoreactive CD4+ 
T cells into antigen-specific regulatory T (TREG) cells. Here, we demonstrate that expres-
sion of PTAs and MHC class II by LNSCs is absent at day of birth and increases during 
the first weeks after birth. Furthermore, skin-associated PTAs were less abundantly 
expressed by LNSCs isolated from gut-draining mesenteric lymph node (mLNs) when 
compared to LNSCs present in skin-draining peripheral LNs (pLNs). Accordingly, anti-
gen-specific TREG cells directed against a skin-associated PTA were not induced in mLNs. 
Furthermore, inflammation reduced expression of PTAs thereby temporarily hamper-
ing antigen-specific TREG cell generation. This work reveals a critical impact of the LN 
location in endowing PTA expression by LNSCs and the generation of tissue-specific 
TREG cells.

ABSTRACT
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Immune tolerance is enforced through multiple mechanisms to eliminate T cells that 
have the capacity to recognize and attack the body’s own antigens [1, 2]. Deletion of 
such T cells primarily occurs in the thymic medulla by a process called negative selec-
tion [1-3]. In this process, medullary thymic epithelial cells (mTEC) and thymic dendrit-
ic cells (DCs) collaborate to present peripheral-tissue antigens (PTAs) in the context of 
histocompatibility complex (MHC) molecules to single positive thymocytes [4-6]. Selec-
tion of developing T cells relies on the avidity of T cell receptor (TCR) for the PTAs/MHC 
complex [7, 8]. T cells with high avidity interaction with PTAs undergo clonal deletion, 
while T cell with low avidity to self-antigens can exit the thymus and migrate to second-
ary lymphoid organs (SLOs) such as lymph nodes (LNs) [7, 8]. In addition to negative 
selection, tolerance induction requires the formation of thymic-derived FoxP3+ regula-
tory T (TREG) cells [9-11]. TREG cells are known to be the key mediators of tolerance as 
TREG cells implement different immunosuppressive mechanisms to dampen activation 
of autoreactive T cells [12]. Differentiation of thymic-derived TREG cells depends on low 
to high avidity interactions with PTAs/MHC class II complex and interleukin 2 (IL-2) re-
ceptor signaling in the thymus [12, 13]. However, regardless of the efficiency of central 
tolerance in the thymus, not all autoreactive T cells are controlled by thymus-derived 
TREG cells [14, 15]. Therefore, additional mechanisms are in place to guarantee T cell 
tolerance within the periphery. 

mTECs in the thymus express a large number of all possible PTAs (>85% of all pro-
tein-coding transcripts) [16, 17]. Interestingly, PTA expression is not restricted to 
mTECs in the thymus as  different subsets of lymph node stromal cells (LNSCs) including 
fibroblastic reticular cells (FRCs), lymphatic endothelial cells (LECs), blood endothelial 
cells (BECs) and the poorly characterized double negative (DNs) express a wide range 
of PTAs [18, 19]. LNSCs are well characterized non-hematopoietic cells which express 
MHC class I and MHC class II molecules [18-24]. They are able to present PTAs, directly 
or with assistance of LN-resident DCs, to autoreactive T cells thereby safeguarding pe-
ripheral tolerance [18-24]. Notably, expression of MHC class II molecules on LNSCs has 
been shown to be essential to maintain antigen-specific TREG cells in the periphery [20, 
25]. More recently, we have shown that LNSCs are able to convert autoreactive CD4+ T 
cells into antigen-specific FoxP3+ TREG cell, in a process analogous to mTEC function [23]. 
Nevertheless, while the thymus is a restricted microenvironment with limited exposure 
to peripheral components [26], recent evidence demonstrated that gut- and skin-drain-
ing LNs are both imprinted by their direct environment and have location-specific func-
tions [27]. Moreover, LNSCs isolated from peripheral tissues such as diaphragm and co-
lon express considerably less programmed death-ligand 1 (PD-L1) and PTAs than LECs 
in the LN [28]. This suggests that factors and cells in the LN microenvironment might 
control the tolerogenic properties of LNSCs. To further understand this mechanism, we 
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have analyzed the role of the LN location, in which LNSCs are exposed to different 
microenvironments, in PTA and MHC-II expression during postnatal LN matu-
ration and under transient inflammatory stimuli.

We showed that the frequencies of MHC class II molecules expressed by LNSCs increase 
post-birth in skin- and gut- draining LNs. Moreover, we demonstrated that expression 
of skin-associated PTAs also increases from birth and is confined to skin-draining LNs, 
whilst these genes are lowly expressed in gut-draining LNs. Functionally, low expression 
of skin-associated Ovalbumin (Ova) in gut-draining LNs associates with reduced gener-
ation of antigen-specific TREG cell at this site in comparison to skin-draining LNs. Finally, 
we showed that LNSCs down-regulate PTA expression upon exposure to inflammatory 
stimuli and lose their capacity to convert autoreactive CD4+ T cells into antigen-specific 
FoxP3+ TREG cells. Together, these observations revealed a refined mechanism by which 
LNSCs contribute to homeostatic immune tolerance by generating tissue-specific TREG 
cells that varies in a spatiotemporal manner.
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Dynamics of MHC class II expressing lymph node stromal cells during 
maturation

Recently we have shown that PTA presentation by LNSCs in the context of MHC class 
II molecules results in the conversion of autoreactive CD4+ T cell into antigen-specif-
ic TREG cells [23]. To expand our knowledge on the tolerogenic function of LNSCs that 
critically depends on cell surface MHC class II expression[20, 23], we determined the 
steady-state expression of MHC class II on LNSCs postnatally by flow cytometry, starting 
at 1 day after birth. LNSCs from skin-draining peripheral LNs (pLNs) and gut-draining 
mesenteric LNs (mLNs), representing two distinct locations with a different microenvi-
ronment, were analyzed. The main subsets of LNSCs (FRCs, LECs, BECs and DNs) were 
already present at neonatal phase (Figures S1A and S1B). The frequencies of DNs and 
FRCs were similar over the time course tested, (between day 1 until week 6 of age), while 

4

Figure 1. Frequency of MHC class II expressing LNSCs at different time points after birth. (A and D) 
Representative dot plots showing the frequency of  MHC class II expressing lymph node stromal cells (LNSCs), 
gated as CD45-Ter-119-CD11c- cells at day 1 and week 6 old mice from (A) skin-draining peripheral and (D) 
gut-draining mesenteric lymph nodes (LNs). (B and E) Frequency of MHC-II expressing LNSCs (CD45-Ter-
119-CD11c-MHC-II+) in (B) skin-draining peripheral (n=3 mice per time point) and (E) gut-draining mesen-
teric (n=3 mice per time point) LNs at the indicated age. The graphs represent the mean ± SEM of 3 inde-
pendent experiments and analyzed by ordinary one-way ANOVA followed by Turkey’s multiple comparison 
test. *P < 0.05, **P < 0.01, ****P < 0.0001, ns= not significant. (C and F) Proportions of CD31+Gp38- (BECs), 
CD31+Gp38+ (LECs), CD31-Gp38+ (FRCs) and CD31-Gp38- (DNs) within CD45-Ter-119-CD11c-MHC-II+ popula-
tion in (C) skin-draining peripheral (n=3 mice per time point) and (F) gut-draining mesenteric (n=3 mice per 
time point) LNs at the indicated age. The bar graphs represent the mean ± SEM of 3 independent experiments.

Regulatory T cell conversion by lymph node stromal cell is controlled by
lymph node microenvironment and impaired during inflammation
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the frequencies of LECs and BECs were significantly higher in both pLNs and mLNs of 
6 week old mice when compared to postnatal day 1 (Figures S1A and S1B). MHC class 
II expressing LNSCs started to appear in LNs of newly born mice and slowly increased 
with age, reaching mature levels at 6 weeks of age that were significantly higher when 
compared to 1 day old mice. The majority of MHC class II expression within pLNs and 
mLNs was detected on DNs and FRCs and only a small proportion on BECs and LECs at 
different time points (Figures 1A-F). We next investigated whether MHC class II expres-
sion by these stromal cells is a unique feature of LNSCs or whether stromal cells that ex-
presses MHC class II exist in other organs than LNs. Hereto cell suspensions of different 
organs and MHC class II expression on CD45- population were analyzed. MHC class II 
expressing stromal cells were present in lung, pancreas and kidney, while only a minori-
ty of stromal cells in bone marrow and spleen expressed MHC class II (Fig S1C). Similar 
to stromal cells in LNs, the majority of MHC class II expressing stromal cells in lung and 
pancreas were lacking CD31 and were either Gp38- or Gp38+ cells, while almost all MHC 
class II expressing stromal cells in the kidney were identified as CD31+Gp38- endothelial 
cells (Figure S1C). Together, these data show that the frequencies of MHC class II ex-
pressing stromal cells in mouse pLNs and mLNs increase gradually postnatally and that 
MHC class II expressing stromal cells can also be found in lung, pancreas and kidney. 

PTA expression by lymph node stromal cells is supported by lymph 
node location

To address whether LNSCs have the ability to present PTA derived peptides in MHC 
class II, each subset of LNSCs were FACS-sorted at three different time points, including 
day 1, week 2 and week 6 after birth. Next, expression of two well-known skin-associat-
ed PTAs, i.e. Mlana and Tyrosinase, reported to be expressed by FRCs and LECs respec-
tively [18, 21], was analyzed. Expression of Mlana and Tyrosinase was undetectable 
at day 1 after birth, but started to appear at week 2 with a very significant increase in 
expression at 6 weeks of age (Figure 2A). Most interestingly, Mlana expression was re-
stricted to FRCs and the expression of Tyrosinase was confined to LECs, but only within 
pLNs. Notably, BECs and DNs lack the expression of these PTAs irrespective of what type 
of LN they were isolated from (Figure 2B). In striking contrast, Mlana and Tyrosinase 
were hardly detectable in mLNs (Figure 2B). Together, these data suggest that Mlana 
and Tyrosinase expression is age- and location-dependent. 

TREG conversion by lymph node stromal cells is dependent on lymph 
node location

Since we observed that skin-associated PTAs have a restricted expression, we examined 
whether generation of antigen-specific TREG cells was limited to skin-draining LNs only. 
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To determine this, we took the advantage of a transgenic mouse model in which the 
membrane-bound form of Ova is driven by the human keratin 14 (K14) promoter 
(K14-mOva mice), which has restricted expression in the skin [29]. We have previous-
ly shown that in skin-draining LNs of this transgenic mouse model, Ova is exclusively 
expressed by LNSCs and not by classical hematopoietic antigen presenting cells [23]. 
Quantification of Ova expression within LNSCs in pLNs and mLNs showed a higher ex-
pression of Ova in FRCs and BECs obtained from pLNs when compared to stromal cells 
obtained from mLNs while no differences were observed in Ova expression by LECs 
(Figure 3A). Moreover, we did not detect Ova mRNA expression by DNs (Figure 3A). To 
address whether the lower expression of Ova affected TREG conversion in mLNs, we 

Figure 2. Skin-associated peripheral tissue antigens are confined to skin-draining lymph nodes. (A) 
Gene expression levels for melanocyte-associated peripheral tissue antigens (PTAs) Mlana and Tyrosinase in 
sorted FRCs and LECs, respectively, isolated from skin-draining peripheral lymph node (pLNs) of WT mice 
was determined by RT-qPCR at indicated ages (day 1 (n=4 mice), week 2 (n=2 mice) and week 6 (n=4 mice)). 
The bar graphs represent the mean ± SEM of 2 (for day 1 and week 6) and 1 (for week 2) independent exper-
iments. (B) Detection of melanocyte-associated PTAs Mlana and Tyrosinase on sorted LNSC subsets obtained 
from pLNs (n=3-8 mice) and gut-draining mesenteric LNs (mLNs) (n=3-8 mice) of 6 week old WT mice. The 
bar graphs represent the mean ± SEM of 3 independent experiments and analyzed by ordinary one-way ANO-
VA followed by Turkey’s multiple comparison test. ***P < 0.001, ****P < 0.0001. Relative quantity represents 
the mRNA expression of each PTA relative to the expression of reference gene.

Regulatory T cell conversion by lymph node stromal cell is controlled by
lymph node microenvironment and impaired during inflammation
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Figure 3. Restricted ovalbumin expression by lymph node stromal cells limit TREG cell conversion. (A) 
mRNA expression of ovalbumin analyzed by RT-qPCR on different subsets of sorted LNSCs (DNs, FRCs, LECs, 
BECs) from gut-draining mesenteric lymph node (mLNs) (n=3 mice) and skin-draining peripheral LNs (pLNs) 
(n=4 mice) of 6 week old K14-mOva mice. The bar graphs represent the mean ± SEM of two independent ex-
periments and analyzed by unpaired Student’s t-test student. *P < 0.05, ns= not significant, ND=not detected. 
Relative quantity represents the mRNA expression of each PTA relative to the expression of reference gene. 
(B) Experimental design to evaluate conversion of antigen-specific CD4+ T cells to TREG cells in spleen, mLNs 
and pLNs. (C) Representative FACS plot of gated FoxP3+CD25+ TREG cells within the population of CFSE labelled 
CD4+CD3+ OT-II.Rag2-/- T cells in spleen, mLN and pLN of K14-mOva mice at day 1 and day 3 post intravenous 
OT-II.Rag2-/- T cell transfer. (D) Bar graph indicating the frequency of CFSE labelled CD4+CD3+ OT-II.Rag2-/- T 
cells in spleen, mLN and mLN of K14-mOva mice. (E) Bar graph indicating the frequency of FoxP3+CD25+ TREG 
cells within CFSE labelled CD4+CD3+ OT-II.Rag2-/- T cells in spleen, mLN and pLN of K14-mOva mice. Data in 
(D) and (E) depict the mean ± SEM (n=4 mice day 1, n=4 mice day 3) and are representative of two indepen-
dent experiments. Statistical analyses were done by two-way ANOVA followed by Turkey’s multiple compari-
son test. ****P < 0.0001, ns= not significant.
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intravenously injected naï�ve CFSE labeled CD4+ T cells from OT-II.Rag2-/-, which lack 
endogenous thymic CD25+FoxP3+ TREG cells [23], into K14-mOva mice. Spleens, pLNs, 
and mLNs were isolated 1 and 3 days after CFSE labeled CD4+ T cell transfer (Figure 3B). 
The frequencies of injected CD4+ T cells did not significantly change within different 
organs at day 1 and day 3 after injection, however, Ova-specific CD4+ T cells converted 
into CD25+FoxP3+ TREG cells exclusively in pLNs and not in mLNs or spleens (Figures 
3C-E). Moreover, conversion of CD4+ T cells into TREG cells required at least 3 days as the 
conversion was not observed at day 1 after CD4+ T cells transfer (Figures 3C-E). Fur-
thermore, we did not observe any changes in the frequency of endogenous CD4+ T cells 
and CD25+FoxP3+ TREG cells in different organs of K14-mOva mice upon OT-II.Rag2-/- T 
cell transfer (Figures S2A-C). Collectively, in this transgenic mouse model, these results 
demonstrate that the LN location controls peripheral antigen-specific TREG cell genera-
tion via PTA expression by LNSCs.

TREG conversion by lymph node stromal cells is impaired under in-
flammatory conditions

While at steady-state condition LNSCs have tolerogenic properties, it has been reported 
that stimulation of LNSCs with toll-like receptor 3 (TLR-3) ligands alters PTA expres-
sion and their ability to tolerize CD8+ T cells [18]. In contrast, stimulation of mTECs 
with CpG does not affect expression of tissue-restricted antigens, whilst TLR9 stimula-
tion and MyD88 signaling in mTECs promote Treg formation when DCs act as antigen 
presenters [30]. In addition, LNSCs express TLR4 as well, suggesting that they could 
directly respond to bacterial outer membrane products [31]. To address whether TLR4 
triggering would affect the capacity of LNSCs to convert naï�ve CD4+ T cells into TREG 
cells, we stimulated LNSCs with Lipopolysaccharide (LPS) both in vitro and in vivo and 
investigated the level of PTAs expression and the capacity of LNSCs to generate TREG cells 
within an inflammatory milieu. At 18hr, post-intravenous transfer of LPS, WT FRCs and 
BECs express higher levels of MHC-II, which indicates an active status of these cells, but 
not on LECs and DNs (Figure S3), as shown before [18, 31]. Different LNSC subsets from 
WT pLNs were FACS sorted under this inflammatory conditions for evaluation of PTA 
expression by RT-qPCR. Skin-related antigens Mlana and Tyrosinase were significant-
ly downregulated in LPS-treated FRCs and LECs respectively compared to steady-state 
controls. This significant reduction of PTA expression by LNSCs triggered us to study 
the capacity of LNSCs to present PTAs in the context of MHC class II molecule and their 
ability to convert naï�ve CD4+ T cells into TREG cells. For this, we used our K14-mOva LEC 
line in which Ova is express as a model PTA [23]. Similar to Mlana and Tyrosinase, in 
vitro stimulation of K14-mOva LEC cell lines with LPS significantly reduced Ova expres-
sion (Figure 4B). Since FRCs tend to lose the expression of Ova upon long term culture 
[23], we intravenously injected K14-mOva mice with LPS and quantified the level of Ova 
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expression by LNSCs. FRCs showed a significant reduction of Ova expression 18hr after 
LPS administration (Figure 4C). Moreover, also within LECs Ova expression was lower, 
although this was not significant when compared to control mice (Figure 4C). To test the 
effect of reduced Ova expression for the generation of TREG cells, we co-cultured K14-mOva 
LEC together with CD4+ T cells from OT-II.Rag2-/- in the presence of LPS for 72 h. Indeed, 
the frequency of converted TREG cells was significantly reduced when K14-mOva LEC were 
stimulated with LPS (Figure 4D and 4E). Next, we intravenously injected CFSE labelled CD4+ 
T cells from OT-II.Rag2-/-  together with LPS into K14-mOva mice and isolated spleen, mLNs 
and pLNs 3 days later (Figure 4F). As expected, we did not observed any TREG cell conversion 
in spleen and mLNs in control and LPS-treated mice. However, generation of TREG cells by 
K14-mOva LNSCs was impaired when LPS as given to the mice, as significantly less CD25+-

FoxP3+ TREG cells were observed in pLNs of LPS-treated K14-mOva mice when compared to 
control mice (Figure 4G and 4H). Collectively, these data show that the generation of anti-
gen-specific TREG cells by LNSCs alters when LNSCs are stimulated by microbial products.
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Figure 4. Inflammatory stimuli diminish expression of PTAs and hamper TREG cells conversion by 
lymph node stromal cells. (A) FRCs and LECs from skin-draining peripheral lymph nodes (pLNs) of WT 
mice were isolated 18h post intravenous injection of LPS (10µg) or their respective controls. Bar graphs show 
mRNA expression of Mlana and Tyrosinase analyzed by RT-qPCR on sorted FRCs (n=3 mice) and LECs (3= 
mice), respectively. The bar graphs represent the mean ± SEM of an independent experiment and analyzed 
by unpaired Student’s t-test. *P < 0.05. (B) mRNA expression of ovalbumin (Ova) analyzed by RT-qPCR on 
in vitro K14-mOva LECs cell line cultured (n=3 per condition) with or without LPS (50ng) for 72h. The bar 
graphs represent the mean ± SEM of 3 independent experiments and analyzed by unpaired Student’s t-test 
student. *P < 0.05. Relative quantity represents the mRNA expression of each PTA normalized to the expres-
sion of reference gene. (C) FRCs and LECs from skin-draining pLNs of K14-mOva mice were isolated 18h post 
intravenous injection of LPS (10µg) or PBS (as control). Bar graphs show mRNA expression of Ova analyzed 
by RT-qPCR on sorted FRCs (n=3 mice) and LECs (3= mice), respectively. The bar graphs represent the mean 
± SEM of an independent experiment and analyzed by two-way ANOVA followed by Sidak’s multiple compar-
isons test. *P < 0.05. (D) Representative FACS plot of FoxP3 and CD25 expression on CD3+CD4+ OT-II.Rag2-/- T 
cells after culture without stromal cells (medium) (n=3 per condition), with WT LECs (n=3 per condition) or 
with K14-mOva LECs (n=3 per condition) in the presence or absence of LPS (50ng) for 72hr. (E) Bar graph 
indicating the frequency of CD3+CD4+FoxP3+CD25+ TREG cells. The graph in(E) show mean ± SEM of triplicate 
co-cultures and is representative of 2-3 independent experiments. Statistical analyses were done by two-way 
ANOVA followed by Turkey’s multiple comparison test. ****P < 0.0001. (F) Experimental design to evaluate 
conversion of antigen-specific CD4+ T cells to TREG cells in LPS-treated K14-mOva mice. (G) Representative 
FACS plot of gated FoxP3+CD25+ TREG cells within the population of CFSE labelled CD4+CD3+ OT-II.Rag2-/- T 
cells in spleen, mLN and pLN of K14-mOva mice at day 3 post intravenous OT-II.Rag2-/- T cell transfer. (H) Bar 
graph indicating the frequency of FoxP3+CD25+ TREG cells within CFSE labelled CD4+CD3+ OT-II.Rag2-/- T cells 
in spleen, mLN and pLN of K14-mOva mice with or without LPS injection. Data in (H) depict the mean ± SEM 
(n=4 mice per condition). Statistical analyses were done by two-way ANOVA followed by Turkey’s multiple 
comparison test. ****P < 0.0001.
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DISCUSSION

In this study, we investigated factors that critically influence MHC class II and PTA ex-
pression by LNSCs. We showed that the frequencies of  MHC class II as well as PTAs 
expression by LNSCs was low shortly after birth and increased with age, suggesting 
that the ability of LNSCs to induce tolerance is acquired in the postnatal phase. Addi-
tionally, we confirmed that the location of LNs influenced tissue-specific expression of 
particular PTAs and is crucial in steering the generation of TREG cells specific for a PTA. 
Finally, we demonstrated that inflammatory stimuli resulted in downregulation of PTA 
expression, which hampered the generation of antigen-specific TREG cells both in vitro 
and in vivo. Overall, our data suggest that local homeostatic factors derived from skin- 
or mesenteric-draining LN can influence the tolerogenic capacity of LNSCs.

Several subsets of LNSCs present in LNs from adult mice have been shown to express 
low level of MHC class II at steady-state [20, 23, 25, 32]. However, the expression of MHC 
class II molecules by LNSCs postnatally had not yet been reported. We could detect all 
LNSC subsets at different time points, as shown before [28, 33], however, only a small 
fraction of stromal cells expressed MHC class II right after birth in pLNs and mLNs. The 
frequency of MHC class II positive LNSCs gradually increased mostly after 2 weeks of 
age, when B- and T-cell areas within the LNs are well established [34, 35]. It is of interest 
to note that the frequency of MHC class II expressing DNs gradually increase with age 
and form the majority of LNSCs that express MHC-II in week 6 old mice. This observa-
tion is in contrast with other studies in which DNs lack the expression of MHC-II [31, 
32]. However, this data further points out the need to investigate the role of DNs in anti-
gen presentation. In line with this, it has been shown that murine DNs express different 
PTAs, therefore they may play a role in peripheral tolerance induction by presenting 
PTAs to T cells [18]. We additionally found that expression of PTAs were not detectable 
at day 1 after birth and mRNA levels slowly increase thereafter. In line with our data, it 
has been shown that LECs from neonatal mice do not mediate tolerance to autoreactive 
T cells as they express considerably less high-level of PD-L1 and Tyrosinase compared 
to adult mice [28]. Our observation together with others suggest that LNSCs do not me-
diate peripheral tolerance in the neonatal period.

Moreover, our data showed that MHC class II expressing stromal cells could be detect-
ed in various other organs such a lung, pancreas and kidney although their tolerogen-
ic properties need further study. Interestingly, in this respect, MHC class II expressing 
resident fibroblast in normal pancreas were recently reported by others [36, 37]. In 
one study, cancer associated fibroblast (CAFs) in different pancreas tumor models ex-
pressed MHC class II related genes and had the capacity to present a model antigen to 
CD4+ T cells [37]. The authors suggested that antigen-presenting CAFs may deactivate 
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CD4+ T cells by inducing either anergy or differentiation into TREG cells [37]. These re-
sults suggest that different microenvironments, such as seen in tumors, may contribute 
to the differentiation of fibroblasts, thereby limiting optimal T-cell responses.

Several subset of LNSCs express different PTAs [18, 21, 22, 24], and this expression 
can be further localized sub-anatomically [18, 28]. For instance, melanocyte-associated 
PTA Mlana is only expressed by FRCs that located to the LN capsule, while Tyrosinase, 
another melanocyte-associated PTA is confined to LECs that are present at the LN cap-
sule, at the B-T cell interfollicular area and within the LN medulla [18, 28]. Moreover, 
various PTAs identified by microarray analysis are expressed at lower levels in LECs 
isolated from peripheral tissues than by LECs present in the pLNs [28]. Here, we addi-
tionally found that expression of PTAs influenced by the LN location as the expression 
of skin-associated PTAs, Mlana and Tyrosinase are significantly lower in mLNs com-
pared to LNSCs in pLNs. This contrasts with the earlier study in which Tryosinase was 
expressed by LNSCs in both pLNs and mLNs [24]. The reason for this difference is not 
clear and requires further investigation. However, our data implies that skin-associated 
PTAs are regulated by factors that are present within the skin environment but less 
abundantly present within the gut drainage. Indeed, lack of expression of the PTA Ova, 
in our K14-Ova transgenic mouse model, by mLN and splenic stromal cells associates 
with the inability to convert autoreactive Ova-specific naï�ve CD4+ T cells into TREG cells. 
This has also been shown previously for variable PTA expression by LNSCs and the ef-
fects on CD8+ T cells [22, 24]. What we can state is that the differential PTA expression 
seen in LNSCs subsets suggest that several subsets will have the ability to mediate the 
conversion of tissue-specific TREG cells which have the ability to control autoreactive T 
cells directed against specific PTAs. It remains to be seen how PTA expression in differ-
ent stromal cell subsets and at different anatomical locations is regulated. A role for mi-
crobiota in PTA expression in the mLNs deserves further attention as it has been shown 
that antibiotic treatment which resulted in a strong reduction in microbiota diversity 
in the gut, enhanced TREG induction within the mLNs [27]. Therefore, it is possible to 
speculate that microbiota may affect specific tolerogenic properties within mLNs by 
downregulating PTAs in LNSCs.

In response to an infection or inflammation, LNSCs, proliferate and regulate LN expan-
sion and contraction [38, 39], while they upregulated MHC class II expression [25, 31, 
32, 40], and negatively regulate antigen-specific CD4+ T cells activation [40]. We showed 
that LPS administration induced MHC class II expression on FRCs and BECs but not on 
LECs and DNs. This suggests that under inflammatory conditions LNSCs have an en-
hanced capacity to present antigens to CD4+ T cells. This antigen can either be derived
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from antigen presenting cells such as DCs, or from PTAs expressed by the LNSCs them-
selves. However, transgenically expressed Ova by LNSCs was shown to be downregulat-
ed after PolyI:C exposure, leading to reduced capacity to activate antigen specific CD8+ 
cells [18]. Also in our study, the expression of Mlana and Tyrosinase were similarly 
downregulated within LNSCs after in vivo injection of LPS. Moreover, in vitro and in vivo 
stimulation of LNSCs with LPS resulted in reduced Ova expression and reduced TREG cell 
conversion. These initial observations suggest that there may be a link between envi-
ronmental triggers such as bacteria, viruses and other infectious pathogens and auto-
immunity, as infectious agents are believed to play a key role in the initiation of autoim-
mune diseases [41]. It is likely that LNSCs lose their capacity to generate TREG cells upon 
pathogen exposure and that this can contribute to the development of autoimmunity. 
However, the mechanism linking tolerogenic capacity of LNSCs and infectious agents is 
a subject of intense investigation in future.

In summary, our results provide insight into the effects of the LN microenvironment on 
PTA expression and on the generation of TREG cells at steady-state and during inflammation 
which provide a greater understanding of LNSC as tolerogenic non-hematopoietic cells.
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MATERIALS AND METHODS

Mice

C57BL/6J (WT) and human keratin 14 membrane-bound ovalbumin (K14-mOva). We 
generated OT-II.Rag2-/- as descripted previously [23]. All mice were bred and main-
tained in our colony at VU university in Amsterdam. The mice were kept under specific 
pathogen-free conditions. All animal experiments were reviewed and approved by the 
VU University Scientific and Ethics Committees.

Lymph node stromal cell lines  

For in vitro assays, we have generated cell lines from K14-mOva and WT mice as pre-
viously reported [20, 23, 42]. In brief, isolated LNs were resuspended in 0.2 mg/ml 
collagenase P (Roche), 0.8 mg/ml Dispase II (Roche) and 0.1 mg/ml DNAse I (Roche) in 
RPMI medium (Invitrogen) and incubated at 37ºC for cycles of 15 min, resuspended and 
collected between cycles until LN structure was lost. Cell suspensions were initially cul-
tured on collagen (Sigma-Aldrich) coated flasks using DMEM (Gibco) containing 10% 
FCS (Biowest), 2% glutamine (Gibco), and 2% penicillin-streptomycin (Gibco). Non-ad-
herent cells were removed after the first 24 hours. Confluent cell cultures, primarily 
containing LECs and FRCs, were subsequently released from the flasks with trypsin 
(Gibco), washed, stained (stromal cell antibodies are listed in supplementary table 1) and 
FACS sorted with a BD FACSAria™ Fusion (BD Biosciences) using a 100-µm tip.

Adoptive T cell transfer

Spleens from OT-II.Rag2-/- mice were isolated and squeezed through 70 µm cell strain-
ers. Splenocytes were resuspended in ammonium-chloride-potassium (ACK) lysis 
buffer for 5 min at room temperature (RT) for removal of erythrocytes. MagniSort™ 
mouse CD4+ T cell enrichment kit (Invitrogen) was used to isolate CD4+ T cells from the 
obtained cell suspension, following manufacturer instructions. Purity was on average 
>85%. Isolated cells were labelled with CFSE (Invitrogen) as descripted previously [43]. 
CFSE labelled CD4+ T cells were transferred intravenously (i.v.) in phosphate-buffer sa-
line (PBS) in the tail vein of WT or K14-mOva mice (2.5x106 cells/100µl/mice). After 
1- or 3-days post-injection spleen, mLNs and pLNs LNs were collected for analysis. pLNs 
were pooled axillary, brachial and inguinal LNs.

LPS stimulation

WT or K14-mOva mice were injected i.v. with 10 µg LPS (O127:B8, Merck) in PBS. Mice 
injected with PBS alone served as control. Mice were sacrificed 18 h post-injection, and 
pLNs were collected for analysis. For in vitro assays, K14-mOva LECs were cultured in 
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24-well plates, starting with 5x104 cells/well, in DMEM medium (Gibco) containing 
10% FCS (Biowest) 2% glutamine (Gibco), 2% penicillin-streptomycin (Gibco). After 12 
h, initial medium was removed, and the wells were washed with PBS before the addition 
of fresh culture medium with or without 50ng/ml of LPS (O127:B8, Merck). Upon 72 
h of culture, stromal cells were collected through the use of trypsin (Gibco) for subse-
quent RNA analysis of ovalbumin expression. To study the role of LPS stimuli in vivo, 
Rag2-/-OT-II cells were isolated and CSFE labelled as described in adoptive T cell trans-
fer. 5.5x106 cells were  intravenously transferred per mice in K14-mOVA mice, either 
diluted in 10ug/ul LPS/PBS or in PBS alone as control. After 3 days post-injection, pLNs, 
mLNs and spleens were collected for flowcytometry analysis. 

Cell sorting

At the week 2 to 6 time points, pLNs and/or mLNs from 2-4 mice were combined per con-
dition in order to have enough cells for FACS sorting. For neonatal WT mice, 6-9 mice were 
combined per condition. Isolated LNs were enzymatically digested as indicated above. For 
digestion of LNs from neonatal mice, half the concentration of enzymes was used. As rule of 
thumb, cell suspensions with over 80x106 cells were enriched for CD45- population using 
PE anti-CD45 (30-F11, Biolegend) and EasySep PE Positive Selection Kit II (STEMCELL) fol-
lowing manufacturer instructions. Enriched CD45- suspensions were stained with stromal 
cells antibodies as indicated in supplementary table 1. Suspensions with less than 80x106 
were directly stained for all described antibodies upon digestion. For LPS stimulated sam-
ples and respective controls, anti-MHC class II (M5/114, MO2Ab core facility) was included 
in the staining. Sytox Blue Dye (Invitrogen) was added to the final suspension as a life/death 
marker. Cells were FACS sorted with BD FACSAria™ Fusion (BD Biosciences) using a 100-µm tip.

Co-culture

WT and K14-mOva LECs were seeded on collagen-coated 24 well-plates (Greiner bio-one) 
one day before addition of T lymphocytes. CD4+ T cells of naï�ve OT-II.Rag2-/- were isolated 
as described for adoptive transfer experiments. T cells were co-cultured with seeded stro-
mal cells at the ratio of 1:10 (stromal:T cell) in IMDM medium (Gibco) containing 10% FCS 
(Biowest) 2% glutamine (Gibco), 2% penicillin-streptomycin (Gibco) and 50 µM β-mercas-
pethanol (Gibco), with or without 50ng of LPS/ml (O127:B8, Merck). After 72 h, cells were 
collected and analyzed by flowcytometry. 

Flow cytometry

Isolated LNs and spleens were squeezed through 70 µm cell strainer for analysis of T lym-
phocytes. Splenocytes were incubated with ACK lysis buffer for 5 min at RT for removal 
of erythrocytes. Isolated cells were first stained with eBioscience™ Fixable Viability Dye 
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eFluor™ 780 (Invitrogen) for 15 min. Cells were resuspended in PBS containing 5% normal 
mouse serum (NMS) and 2% Fetal bovine serum (FCS) (Biowest). Upon this blocking step, 
cells were incubated with different extracellular antibodies (T cell antibodies are listed in 
supplementary table 1) for 30 min on ice and in dark. Cells were then fixed and permea-
bilized using eBioscience™ Intracellular Fixation and Permeabilization Buffer (Invitrogen) 
following manufacturer instructions. Subsequently, cells were incubated with anti-FoxP3 
(MF-14, Biolegend) for 1 h on ice and in the dark. To investigate the presence of MHC class II 
expressing stromal cells in different organs (lung, pancreas, spleen, bone marrow and kid-
ney), these organs were isolated from 6 week old WT mice and cut into small pieces using 
fine scissors. The small tissue pieces were further digested using same protocol as descript-
ed for LN digestion in order to obtain a single cell suspension. All flow cytometry experi-
ments were performed at the O2-flow facility at Amsterdam UMC, Department of Molecular 
Cell Biology and Immunology, using BD LSRFortessa™ X-20 (BD Biosciences) and analyzed 
with FlowJo software (TreeStar IncNext)

Quantitative RT-PCR

mRNA from stromal cells was isolated using Trizol (Invitrogen). Then, cDNA was generated 
using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) following manufactur-
er’s instructions. Quantitative RT-PCR was performed with Fast SYBRTM Green Master Mix 
(Applied Biosystems) and measured on a StepOnePlus real-time PCR system (Applied Bio-
systems). Sequences of used primers are provided in supplementary table 2. Relative levels 
of target mRNA where compared with peptidylprolyl isomerase A (PPIA) as housekeeping 
gene using 2^(CT values of gene of interest – CT values of housekeeping gene) formula.

Statistical analysis

Statistical analysis was performed using Prism 7 (GraphPad) or higher. Two-tailed unpaired 
Student’s t-test, ordinary one-way or two-way ANOVA followed by Tukey’s multiple com-
parison tests were used when required. All data is shown as mean ± SEM and p-values <0.05 
were considered significant.
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Figure S1. Characterization of stromal cells in lymph nodes and other organs. (A and B) Frequency 
of lymph node stromal cell subsets within CD45-Ter-119-CD11c- cells obtained from (A) skin-draining pe-
ripheral (n=3 mice per time point) and (B) gut-draining mesenteric (n=3 mice per time point) lymph nodes 
(LNs) at the indicated age. The graphs represent the mean ± SEM of 3 independent experiments and analyzed 
by ordinary one-way ANOVA followed by Turkey’s multiple comparison test. *P < 0.05, ****P < 0.0001, ns= 
not significant. (C) Upper plots represent MHC-II expression on CD45-Ter-119- stromal cells within indicated 
organs. Lower plots represent the expression of CD31 and Gp38 on MHC-II+ stromal cells in each organ. The 
plots represent the mean ± SEM (n:3 mice) of 3 independent experiments.

Supplementary  Information
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Figure S2. Endogenous CD4+ and TREG cells were not affected by intravenously injected OT-II.Rag2-/- T 
cells into K14-mOva mice. (A) Representative FACS plot of FoxP3+CD25+ TREG cells gated within CD4+CD3+ 
endogenous T cells in spleen, gut-draining mesenteric lymph node (mLN) and skin-draining peripheral lymph 
node (pLN) of K14-mOva mice at day 1 and day 3 after injection of OT-II.Rag2-/- T cells. (B) Bar graph indicat-
ing the frequency of CD4+CD3+ endogenous (endo-CD4+) T cells in spleen, mLN and pLN of K14-mOva mice 
(C) Bar graph indicating the frequency of FoxP3+CD25+ TREG cells within CD4+CD3+ endogenous T(endo-TREG)  
cells in spleen, mLN and pLN of K14-mOva mice. Data in (B) and (C) depict the mean ± SEM (n=4 mice day 1 
after transfer, n=4 mice day 3 after transfer) and are representative of two independent experiments.

Figure S3. MHC-II expression by peripheral lymph node stromal cells is slightly elevated upon LPS 
stimulation in vivo. WT peripheral lymph nodes were isolated 18h post intravenous injection of LPS (10µg) 
or PBS (control). The bar graphs represent the mean fluorescent intensity (MFI) of MHC-II expression on 
lymph node stromal cell subsets. The bar graphs represent the mean ± SEM (n=3) of 2 independent experi-
ments and analyzed by unpaired Student’s t-test. *P < 0.05.

Regulatory T cell conversion by lymph node stromal cell is controlled by
lymph node microenvironment and impaired during inflammation
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ABSTRACT

Background: Systemic autoimmunity can be present years before clinical onset of rheu-
matoid arthritis (RA). Adaptive immunity is initiated in lymphoid tissue where lymph 
node stromal cells (LNSCs) regulate immune responses through their intimate connec-
tion with leucocytes. We postulate that malfunctioning of LNSCs creates a microen-
vironment in which normal immune responses are not properly controlled, possibly 
leading to autoimmune disease. In this study we established an experimental model for 
studying the functional capacities of human LNSCs during RA development. Methods: 
Twenty-four patients with RA, 23 individuals positive for autoantibodies but without 
clinical disease (RA risk group) and 14 seronegative healthy control subjects underwent 
ultrasound-guided inguinal lymph node (LN) biopsy. Human LNSCs were isolated and 
expanded in vitro for functional analyses. In analogous co-cultures consisting of LN-
SCs and peripheral blood mononuclear cells, αCD3/αCD28-induced T-cell proliferation 
was measured using carboxyfluorescein diacetate succinimidyl ester dilution. Results: 
Fibroblast-like cells expanded from the LN biopsy comprised of fibroblastic reticu-
lar cells (gp38+CD31−) and double-negative (gp38−CD31−) cells. Cultured LNSCs stably 
expressed characteristic adhesion molecules and cytokines. Basal expression of C-X-C 
motif chemokine ligand 12 (CXCL12) was lower in LNSCs from RA risk individuals than 
in those from healthy control subjects. Key LN chemokines C-C motif chemokine ligand 
(CCL19), CCL21 and CXCL13 were induced in LNSCs upon stimulation with tumour ne-
crosis factor-α and lymphotoxin α1β2, but to a lesser extent in LNSCs from patients with 
RA. The effect of human LNSCs on T-cell proliferation was ratio-dependent and altered 
in RA LNSCs. Conclusions: Overall, we developed an experimental model to facilitate 
research on the role of LNSCs during the earliest phases of RA. Using this innovative 
model, we show, for the first time to our knowledge, that the LN stromal environment is 
changed during the earliest phases of RA, probably contributing to deregulated immune 
responses early in disease pathogenesis.
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INTRODUCTION

The earliest stages of rheumatoid arthritis (RA) are characterized by the presence of 
RA-specific autoantibodies such as rheumatoid factor (RF) and anti-citrullinated pro-
tein antibodies (ACPAs) years before the manifestation of clinical disease [1]. In the Am-
sterdam health care region, ACPA-positive individuals with arthralgia have an approx-
imately 50% chance of developing RA within 3-4 years [2, 3]. Interestingly, during this 
at-risk phase synovial inflammation as determined by immunehistochemistry seems 
absent, suggesting that infiltration of the synovial tissue by inflammatory cells occurs 
in a later stage [4, 5]. Because systemic autoimmunity seems to precede synovial tissue 
inflammation, other, as yet unidentified immune processes, possibly outside synovial 
tissues, are altered and contribute to disease development.

To effectively mount an adaptive immune response, secondary lymphoid tissues are es-
sential. Animal models have shown phenotypic changes in the cellular compartment of 
peripheral lymph nodes (LNs) before the onset of arthritis [6]. Recently, we detected 
altered frequencies of B cells, T-cell subsets and innate lymphoid cell subsets in LN bi-
opsies of subjects with RA risk and patients with early-stage RA when compared with 
healthy control subjects [7-10], indicating that LN activation was already present dur-
ing the RA risk phase. Studies in mouse models revealed that lymph node stromal cells 
(LNSCs) play an important role in the regulation of T- and B-cell responses [11, 12]. 
LNSCs physically construct the LN, and through production of chemokines and adhe-
sion molecules, they guide immune cells within the LN [13-15]. In addition, LNSCs pro-
duce cytokines important for lymphocyte activation, differentiation and survival [16]. 
In mouse models, LNSCs have been found to induce peripheral T-cell tolerance by direct 
antigen presentation and clonal deletion as well as maintenance of regulatory T cells 
[17-19]. Furthermore, during immune responses they are capable of suppressing T-cell 
proliferation independently of antigens [19-21]. Accordingly, LNSCs are key players in 
immunity and tolerance. We hypothesise that malfunctioning of LNSCs leads to a mi-
croenvironment where immune responses are not properly controlled, which may lead 
to the activation of (autoreactive) lymphocytes and production of autoantibodies. LN-
SCs have been studied mainly in animal models, because so far human LNSCs have been 
obtained either from whole LNs removed during surgery or from deceased individuals 
[22-24]. Isolating and sorting sufficient numbers of LNSCs directly ex vivo is techni-
cally challenging [24]. We therefore aimed to develop an experimental model to allow 
research on human LNSCs during health and RA and to lay the foundation for further 
research on these immune-shaping cells.
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Phenotyping of human LNSCs

Owing to the small size of the obtained LN needle biopsies, digestion and immediate sort-
ing of LNSCs did not yield sufficient numbers of LNSCs for direct analyses. However, LN-
SCs were capable of growing in vitro from freshly obtained inguinal LN biopsies. Mainly 
fibroblast-like cells expanded easily, and in some donors LNSCs showed network forma-
tion (Figure 1A). Expanded LNSCs often contained a mixed morphology consisting of fi-
broblastic as well as more roundish cells, which was unrelated to disease state. Whereas 
most LNSCs needed approximately 1-3 weeks to reach confluence between passages, LN-
SCs from a few donors required longer or failed to grow (11 of 136 donors). Overall, this 
culture system enabled a relatively easy, although slow, expansion of human LNSCs.

RESULTS

Figure 1. Morphologic and phenotypic characterization of cultured human lymph node stromal cells 
(LNSCs). a Cells growing out of the biopsy were mainly fibroblastic and formed dense networks. During 
growth, human LNSCs also started to branch and stretch or showed a more roundish morphology. b Flow 
cytometric analysis based on the expression of CD45, podoplanin (gp38) and CD31. Cells in culture (passages 
3 to 6 [P3–P6]) were double-negative (DN) cells and fibroblastic reticular cell (FRCs). Gating was based on 
isotype controls. Human leucocyte antigen A, B, C (HLA-ABC) expression served as a positive control. Repre-
sentative figures of 2 donors out of 25 experiments are shown. c Frequencies of FRCs (CD45-CD31-podoplanin 
[gp38]+) measured by fluorescence-activated cell sorting as described in (b) (P3-P6; n= 25) in different donor 
groups. d Follow-up of podoplanin (gp38) expression over different culture passages as measured by flow 
cytometry in a different cohort of 16 donors (healthy, n= 5; rheumatoid arthritis [RA] risk, n= 5; and RA, n= 6). 
APC Allophycocyanin, Cy Cyanine, FSC Forward scatter, PE Phycoerythrin, SSC Side scatter.
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Expanded human LNSCs in culture (passages 3-6) consisted primarily of a mixture 
of double-negative cells (DN; CD45-podoplanin-CD31-) and fibroblastic reticular cells 
(FRCs; CD45-podoplanin+CD31-) as reported previously [24] (Figures 1B and 1C). The 
variation of podoplanin-expressing cells within cultured human LNSCs was similar 
between donor groups (Figure 1C). Podoplanin expression showed some variation in 
and between donors over consecutive passages, but without a consistent trend towards 
loss or increase across passages (Figure 1D), which corresponds to continuous podo-
planin expression reported previously in human lymphatic endothelial cells [25]. Fur-
thermore, the frequency of podoplanin-positive cells did not correlate with any clinical 
parameters, such as autoantibodies or age (data not shown).

LNSCs of patients with RA are less capable of inducing key LN 
chemokines CCL19 and CXCL13

The expression of characteristic LNSC-related genes such as vascular cell adhesion mol-
ecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), lymphotoxin-β receptor 
(LTβR), interleukin (IL)-7, B-cell-activating factor (BAFF) and IL-6 in LNSCs (all from 
passage 2) was highly variable but showed no significant differences between donor 
groups and also not when stratified for ACPA status. Only C-X-C motif chemokine ligand 
12 (CXCL12) showed a significantly lower expression in LNSCs from individuals with 
RA risk compared with healthy control subjects (P= 0.0155) (Figure 2A). To investigate 
whether these LNSC characteristics changed during culturing, we cultured LNSCs over 
several passages. We detected no significant changes in mRNA levels of IL-7, VCAM-1, 
ICAM-1 and podoplanin between passages 0 and 12 (n= 18) (Figure S1). Furthermore, 
we found no correlation between the expression of genes analysed under homeostat-
ic conditions in P2 LNSCs with clinical parameters such as age or autoantibody titres. 
When correlated with podoplanin mRNA levels at P2 measured in total LNSC cultures, 
we detected solely a significant, although weak, correlation with IL-7 mRNA (p≤ 0.0001; 
Spearman’s r= 0.534) (Figure S2).

As anticipated, mRNA levels of C-C motif chemokine ligand 19 (CCL19), CCL21 and 
CXCL13 in LNSCs were low or undetected in LNSCs under homeostatic conditions, but 
stimulation with TNF-α plus lymphotoxin α1β2 rapidly induced these key LN chemok-
ines. TNF-α and lymphotoxin α1β2, produced by lymphocytes, are key factors in the 
cross-talk between LNSCs and lymphocytes and in regulation of LN organogenesis, ho-
meostasis and remodelling, and they are known to induce the expression of these criti-
cal characteristic chemokines produced by LNSCs [26-28] (Figure 2B) (n= 5 per donor 
group; donor characteristics listed in Table 2).

Of interest, CCL19 and CXCL13 levels were significantly differentially induced between 
the donor groups (p= 0.0018 for CCL19 and p= 0.0155 for CXCL13), with lower induction
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observed in LNSCs obtained from patients with RA. This stimulation also strongly in-
duced the expression of VCAM-1 and ICAM-1, and to a lesser extent IL-7 and podoplanin 
(Figure S3). We found no correlation between the induction of these chemokines after 
stimulation with clinical parameters such as age or autoantibody titres. Moreover, all 
observed inductions of chemokines and characteristic genes were independent of basal 
podoplanin protein expression measured by fluorescence-activated cell sorting, indi-
cating that human DN cells and FRCs share these common characteristics. However, the 
induction of ICAM-1 mRNA correlated strongly with the induction of podoplanin mRNA 
(Figure S4).

Figure 2. Expression of genes characteristic for lymph node stromal cells (LNSCs). a Expression of genes 
in LNSCs of passage 2 was assessed by qPCR and compared between different donor groups (healthy, n= 14; 
individuals with rheumatoid arthritis [RA] risk, n= 23; patients with RA, n= 24). Relative quantity (RQ) is 
displayed as median and IQR. Differences between donor groups were assessed by the Kruskal-Wallis test 
followed by Dunn’s post hoc test. *P < 0.050. b Expression of lymphoid chemokines was assessed after stimu-
lation with tumour necrosis factor-α (TNFα) and lymphotoxin α1β2 for 4 h, 8 h, 24 h, 48 h and 72 h by qPCR 
in LNSCs (passages 4 to 8). Mean fold induction (FI) and SD of n= 5 per donor group are shown. Donor charac-
teristics are listed in Table 2. BAFF B-cell-activating factor, CCL C-C motif chemokine ligand, CXCL C-X-C motif 
chemokine ligand, ICAM-1 Intercellular adhesion molecule 1, IL Interleukin, mRNA Messenger RNA, VCAM-1 
Vascular cell adhesion molecule 1.
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The effect of human LNSCs on T-cell proliferation is ratio-dependent 
and altered in RA LNSCs

Finally, we aimed to investigate the effect of human LNSCs on T-cell proliferation. There-
fore, we performed a co-culture experiment using a fixed number of 50,000 activated 
(anti-CD3 and anti-CD28) allogeneic PBMCs derived from one healthy donor together 
with increasing numbers of LNSCs (passages 4 to 8) from the different study groups 
(Figure 3). This way we were able to compare the impact of LNSCs on T-cell prolifera-
tion between healthy donors, individuals with RA risk and patients with RA. Donors (n= 
5 per study group; donor characteristics listed in Table 3) were age- and sex-matched. 
All donors with RA risk were ACPA+/RF−, whereas patients with RA were ACPA+RF− 
or double-positive. LNSCs in different ratios with unstimulated PBMCs did not induce 
proliferation (data not shown). We observed that LNSCs affected anti-CD3/28-induced 
T-cell proliferation in a ratio-dependent manner. In an LNSC/ T-cell ratio of 1:2, a clear 
suppression of T-cell proliferation was observed, reflected by a lower number of divi-
sions as measured by carboxyfluorescein succinimidyl ester dilution (Figure 3A, blue 
line). Using the 1:2 LNSC/T-cell ratio, we found that LNSCs from healthy donors and 
individuals with RA risk induced a significantly higher number of CD4+ and CD8+ T 
cells that divided only once and then stopped proliferating (Figure 3B, red bars), when 
compared with stimulated T cells in the absence of LNSCs. Of interest, this block in 
T-cell division was slightly diminished in co-cultures of T cells with RA LNSCs; however, 
variability between donors was high. In contrast, when T cells were cultured with LN-
SCs from healthy control subjects in ratios of 1:5 and 1:10 (Figure 3A, orange and pink 
lines), we observed a stimulatory effect on T-cell proliferation, as observed by a signif-
icantly lower frequency of undivided T cells (Figure 3B, black bars), when compared 
with stimulated T cells in the absence of LNSCs. Notably, this stimulatory effect when 
using LNSC/T-cell ratios of 1:5 and 1:10 was less clear in co-cultures with LNSCs from 
individuals with RA risk or patients with RA.

NO production by LNSCs is similar between healthy subjects, indi-
viduals with RA risk and patients with RA

We also incubated LNSCs for 48 h with IFN-γ prior to co-culture with T cells. IFN-γ 
produced by activated T cells is known to play a key role in triggering NO production by 
LNSCs and therefore in increasing their immunosuppressive potential [21, 29, 30]. We 
found that pre-incubation with IFN-γ indeed slightly boosted the inhibitory capacity of 
LNSCs (as observed in the 1:2 LNSC/T-cell ratio) for most of the donors tested, including 
RA LNSCs (Figure 3B). Measurement of NO in co-culture supernatants revealed a sig-
nificantly higher NO production (p= 0.001) in the situation in which LNSCs and T cells 
were mixed in a 1:2 ratio when compared with the 1:40 ratio (Figure 3C). However, this 
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significant increase was observed similarly in all donor groups, and IFN-γ stimulation 
did not show an additional effect. This indicates that the increase in NO was probably 
due to a higher density of LNSCs and was not related to the altered T-cell proliferation 
observed when co-cultured with RA LNSCs.

Figure 3. Regulation of T-cell proliferation by lymph node stromal cells (LNSCs). a Flow cytometry gat-
ing strategy used to identify CD4+ and CD8+ T-cell subsets according to CD45, CD4 and CD8 expression. Num-
bers adjacent to the outlined areas indicate percentages of cells in the gated population. A representative 
carboxyfluorescein succinimidyl ester (CSFE) dilution plot is shown for 2 of 15 donors. b Proliferation of 
CSFE-labelled CD4+ and CD8+ T cells out of 50,000 peripheral blood mononuclear cell (PBMCs) (all from one 
donor) activated with αCD3 and αCD28 for 96 h without LNSCs (passages 4 to 8) or co-cultured with 1250 
(1:40), 5000 (1:10), 10,000 (1:5) or 25,000 LNSCs (1:2). LNSCs were cultured from healthy donors, individ-
uals with RA risk and patients with RA and pre-treated with interferon-γ (IFN-γ) or not. Data are presented 
as the percentage of total cells found in the respective cell division (mean and SD of n= 5 donors per group; 
donor characteristics listed in Table 3). Upper panels show CD4+ T-cell data; lower panels show data of CD8+ 
T cells displayed co-cultured together with LNSCs of respective donor groups. Differences between T cell with 
or without LNSCs were assessed using two-way analysis of variance ANOVA. * P < 0.050, ** P < 0.010, *** P 
< 0.001, **** P < 0.0001. c Nitric oxide (NO) production in co-culture supernatants was measured after 96 h 
of co-culture using Griess reagent. Mean and SD of 10 donors (healthy, n= 5; individuals with RA risk, n= 3; 
patients with RA, n= 2) are shown. Differences between conditions were assessed using two-way ANOVA. * 
P < 0.050, ** P < 0.010. FSC-A Forward scatter area, FSC-W Forward scatter width, SSC-A Side scatter area, 
SSC-W Side scatter width.
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DISCUSSION

In this study we set up an experimental model using human LNSCs to allow research on the 
role of the human LN microenvironment during health and RA. The in vitro expanded human 
LNSCs express key characteristics as described earlier in mice [16, 31]. During passaging 
these markers stay relatively stable, and their expression and induction are largely independ-
ent of podoplanin expression, the main marker for FRCs. The frequency of podoplanin-pos-
itive cells varied during culturing and between donors, but without any consistent trend to-
wards loss of increase over passages. This variation was observed especially in those LNSC 
cultures containing high percentages of both FRC and DN cells, therefore probably reflecting 
a preferential outgrowth of one subset over the other. Mouse studies have shown that DN 
cells and FRCs resemble each other but have a differential expression of adhesion molecules 
and IL-7, which in mice are exclusively expressed in FRCs [16]. Our study showed similarities, 
because basal IL-7 mRNA levels correlated positively with basal podoplanin mRNA levels, 
and ICAM-1 induction appeared to be co-regulated with podoplanin induction as also ob-
served in mice [31]. However, we also demonstrate that LNSC cultures consisting of cells with 
low podoplanin expression can also express relatively high levels of IL-7. In addition, in hu-
man LNSC cultures DN cells are relatively more abundant than FRCs as described before [24]. 
Together, these findings suggest a comparable role of DNs and FRCs in humans, although 
additional studies using isolated LNSC subsets are essential to prove this.

Interestingly, the expression of CXCL12, a B-cell chemoattractant [32], was significantly low-
er in LNSCs derived from individuals with RA risk than in healthy control subjects. CXCL12+ 
stromal cells derived from both bone marrow and tonsils (LN-like FRCs) of healthy donors 
can attract malignant B cells and appear to enhance the survival of follicular lymphoma B 
cells compared with healthy B cells isolated from blood [33]. Similarly, B-cell survival in the 
synovium is dependent on IL-6 and CXCL12, which are overexpressed by RA synovial fibro-
blasts [34]. The lower CXCL12 expression in LNSCs of individuals with RA risk might reflect 
an attempt to prevent autoreactive B cells from accessing the LN and impair their survival. 
We also detected a lower induction of CCL19 and CXCL13 after stimulation with TNF-α plus 
lymphotoxin α1β2 in LNSCs derived from patients with RA. Overall, these data suggest that 
LNSCs of individuals with RA-specific systemic autoimmunity display an altered chemokine 
profile, which may lead to disturbed trafficking of lymphocytes within the LN. Future studies 
are needed to confirm this and to investigate the mechanism by which chemokine produc-
tion is disturbed in autoimmune LNSCs.

Next to lymphocyte trafficking and survival, LNSCs play a crucial role in regulating adap-
tive immune responses. LNSCs prevent extensive T-cell proliferation and thereby dampen 
immune responses through the release of NO in a tightly regulated and contact-dependent 
manner [21, 29, 30]. Our results diverge from murine studies where low numbers of LNSCs 
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already lead to full inhibition and NO plays a crucial role [21, 29, 30]. We observed incom-
plete suppression when an LNSC/ T-cell ratio of 1:2 was used and found that proliferation 
was even increased in LNSC/T-cell ratios of 1:5 and 1:10. Even though NO levels are higher 
in an LNSC/T cell ratio of 1:2, no differences were observed between donor groups. There-
fore, the altered suppressive effect observed in RA LNSCs at the ratio of 1:2 is probably not 
dependent on changes in NO production. Likewise, the expression of IL-7, measured at P2 
under homeostatic conditions that might drive T-cell proliferation, was not differentially 
expressed between donor groups or correlated with T-cell proliferation (data not shown) 
[35]. Even though IFN-γ signalling on LNSCs is crucial for NO production, exogenous IFN-γ 
alone increases only NOS2, the gene encoding inducible nitric oxidase synthase, but it fails 
to increase NO or nitrite in culture medium [29]. Furthermore, Transwell experiments show 
that LNSC-T-cell contact is needed to induce NO production and consequently T-cell suppres-
sion [21, 29, 30]. Taken together, this points towards additional components in this path-
way derived from intimate cell contact to constrain T-cell proliferation, but future research 
is needed to formally prove this contact dependency in human co-cultures. Furthermore, in 
contrast to murine studies, which mostly use sorted and autologous cells derived from T-cell 
receptor (TCR) transgenic mice, we used an allogeneic co-culture system. Missing TCR-ma-
jor histocompatibility complex (TCR-MHC) interaction might diminish close cell-cell contact, 
or mismatched TCR-MHC might additionally trigger T-cell proliferation [36]. However, our 
observations in healthy LNSCs are in line with data derived from mesenchymal stem cells 
(MSCs). In mice as well as in humans, using an allogeneic system containing MSCs and T cells, 
suppression of T-cell proliferation was observed only when relatively high numbers of MSCs 
were used, whereas relatively low numbers of MSCs supported T-cell proliferation [37, 38]. 
Furthermore, co-culture of allogeneic T cells with human MSCs in MSC/T-cell ratios of 1:4 
and 1:40 increased the numbers of FoxP3-expressing cells [37], and maintenance of regula-
tory T cells by LNSCs has also been observed in mice [17]. It will be interesting to investigate 
in future experiments whether human LNSCs also play a role in maintenance of regulatory T 
cells and whether this process is disturbed in LNSCs from patients with RA. However, these 
experiments are highly challenging, because for human studies, knowledge is lacking on 
well-defined self-antigens expressed by human LNSCs and the availability of corresponding 
autoreactive human T cells.

The suppression of T cells in low LNSC/T-cell ratios (1:2) and the immunostimulatory effect 
in higher ratios (1:5 and 1:10) was seen mostly in LNSCs from healthy individuals. In this 
study, we show, for the first time to our knowledge, that this bipolar behaviour depending on 
LNSC/T-cell ratio is less maintained in LNSCs derived from patients with RA. It is tempting 
to speculate that reduced inhibition of T cells might result in less inhibition of self-reactive 
T cells and that reduced proliferation or induction of regulatory T cells leads to loss of tol-
erance. This and the cellular mechanism behind the potential exhausted state and aberrant 
function of RA LNSCs remain to be determined in future studies.



130

MATERIALS AND METHODS

Study subjects and lymph node biopsy sampling

Individuals with arthralgia and elevated immunoglobulin M (IgM)-RF and/or ACPA lev-
els but without any evidence of arthritis upon examination were included (individuals 
with RA risk phase C/D) [39]. Median follow-up of individuals with RA risk was 20.3 
months (IQR 12.9–33.2), and none of the individuals with RA risk developed arthritis 
during this period. In addition, patients with RA with established disease based on fulfil-
ment of the American College of Rheumatology/European League Against Rheumatism 
2010 criteria [40] and as assessed by the rheumatologist, as well as healthy control 
subjects without any joint complaints and without elevated IgM-RF and/or ACPA levels, 
were included. To be eligible, the healthy control subjects could not have an active viral 
infection or any history of autoimmunity or malignancy and no present or previous use 
of disease-modifying anti-rheumatic drugs, biologics or other experimental drugs. IgM-
RF was measured using an IgM-RF enzyme-linked immunosorbent assay (ELISA) (up-
per limit of normal [ULN] 49 kU/L [kilo Unit/L]; HYCOR Biomedical, Garden Grove, CA, 
USA). ACPA were measured using the CCPlus anti-cyclic citrulli-nated peptide 2 ELISA 
(ULN 25 kAU/L [kilo arbitrary Unit/L]; Euro Diagnostica, Malmö, Sweden). The study 
was performed according to the principles of the Declaration of Helsinki and approved 
by the institutional medical ethical review board of the Academic Medical Centre, and 
all study subjects gave written informed consent. All study subjects underwent an ul-
trasound-guided inguinal LN needle core biopsy as previously described [41]. Table 1 
shows the demographics of the included subjects.

Lymph node stromal cell culture

After depletion of lymphocytes through a 70-μm cell strainer (Corning, Landsmeer, the 
Nederlands), the remaining stromal tissue of a freshly collected LN needle core biopsy 
was plated on a 6-well culture dish (CELL-STAR®; Greiner Bio-One/VWR, Alpen a/d 
Rijn, the Nederlands) (passage 0; P0). Complete cell culture medium was added. It con-
sisted of DMEM, low glucose (ThermoFisher Scientific, Landsmeer, the Netherlands) 
supplemented with 0.1% penicillin (Astellas Pharma Inc., Leiden, the Netherlands), 
0.1% streptomycin, 0.05 mg/ ml gentamicin, 10 mM 4-(2-hydroxyethyl)-1-pipera-
zi-neethanesulfonic acid (HEPES) buffer, and 2 mM L-glutamine (all from ThermoFisher 
Scientific), as well as 10% FCS (GE Healthcare, Zeist, the Netherlands). Upon reaching 
confluence of > 80% cells, were passaged to a T75 tissue culture flask (P1) or into two 
T225 flasks (P2; both Corning® Costar®; Corning). Before being harvested, cells were 
washed with sterile warm PBS (Fresenius Kabi, ‘s-Hertogenbosch, the Netherlands) and 
incubated with 0.05% trypsin/5 mM ethylenediaminetetra-acetic acid (ThermoFisher 
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Abbreviations: RA Rheumatoid arthritis, IgM-RF immunoglobulin M rheumatoid factor, kU/L kilo Unit/L, 
ACPA anti-citrullinated protein antibodies, kAU/L kilo arbitrary Unit, ESR erythrocyte sedimentation rate, 
CRP C-reactive protein, TJC68 68-joint tender joint count, SJC68 68-joint swollen joint count, NSAID non-ste-
roidal anti-inflammatory drug, DMARD disease-modifying antirheumatic drug, DAS28 disease activity score 
in 28 joints, TNF tumour necrosis factor

a Levels missing from one individual
b Levels missing from two individuals
c Levels missing from six individuals
d Levels missing from seven individuals
e Levels missing from five individuals
f Treatment unknown for five individuals

Scientific) in PBS for 7 min at 37 °C. Subsequently, an equal amount of complete medium 
was added, after which the cell suspension was collected and centrifuged for 10 min at 
1000 rpm at 4 °C. Cells were resuspended in cold complete medium and counted using 
trypan blue (Sigma-Aldrich, Zwijndrecht, the Nederlands) in a BRAND® Bürker Türk 
chamber (Sigma-Aldrich). Human LNSCs (passages 4 to 8) were seeded in a 24-well 
plate (30,000 cells/well) and stimulated with tumour necrosis factor-α (TNF-α) (5 ng/
ml; Life Technologies, Landsmeer, the Nederlands) plus lympho-toxin α1β2 (50 ng/ml; 
R&D Systems, Abingdon, UK).
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Flow cytometric analysis

Human LNSCs (passages 3 to 6) were cultured in a 6-well culture dish (100,000 cells/
well). To harvest adherent cells, 1 ml of TrypLE™ Select reagent (Thermo Fisher Scien-
tific) was added for 10 min at 37 °C. Subsequently, cells were washed in protein blocking 
agent (PBA) buffer (PBS containing 0.01% NaN3 and 0.5% bovine serum albumin [Sig-
ma-Aldrich]) and stained for 30 min at room temperature protected from light using the 
following directly labelled antibodies: CD45 fluorescein isothiocyanate (FITC) (clone 
HI30; BD Diagnostics, Vianen, the Netherlands), podoplanin Alexa Fluor 647 (clone NC-
08; BioLegend, London, UK), CD31 allophycocyanin (APC)-eFluor 780 (clone WM-59; 
eBioscience, Vienna, Austria), human leucocyte antigen A, B, C phycoerythrin-cyanine 7 
(PE-Cy7, clone G46–2.6; BioLegend), or corresponding isotype controls. To examine the 
expression of podoplanin on LNSCs cultured over different passages, cells were stained 
for 1 h on ice with unconjugated anti-human podoplanin (clone NZ-1; AngioBio, Huis-
sen, the Nederlands), washed, and subsequently incubated with polyclonal goat anti-rat 
IgG Alexa Fluor 647 (Thermo Fisher Scientific). Cells were washed in PBA and measured 
using a FACSCanto II flow cytometer (BD Biosciences, Vianen, the Nederlands). Data 
were analysed using FlowJo software (FlowJo, Ashland, OR, USA).

Co-cultures containing LNSCs and PBMCs and T-cell proliferation assay

LNSCs (passages 4 to 8) in amounts of 25,000, 10,000, 5000 or 1250 were seeded in 
duplicates in a 96-well flat-bottomed plate and allowed to rest overnight in DMEM 
complete culture medium. Subsequently, LNSCs were pre-treated with 50 ng/ml in-
terferon-γ (IFN-γ) (eBioscience) for 48 h or refreshed with DMEM complete medium. 
Peripheral blood mononuclear cells (PBMCs) that had previously been isolated from 
healthy donors by using standard density gradient centrifugation and subsequent-
ly cryopreserved, were thawed and allowed to rest overnight at 37 °C in RPMI 1640 
medium supplemented with 10% FCS (GE Healthcare), 0.1% penicillin (Astellas Phar-
ma), 0.1% streptomycin, 10 mM HEPES buffer and 2 mM L-glutamine (all from Life 
Technologies). Then, PBMCs were washed and labelled with 2 μl of carboxyfluorescein 
diacetate succinimidyl ester (CFDA-SE) FITC (clone C1157; Life Technologies) in PBS 
for 8 min at 37 °C. After removing DMEM complete medium and washing LNSCs once 
with warm PBS, 50,000 labelled PBMCs in RPMI complete medium per 96-well cham-
ber were added to LNSCs, resulting in ratios of 1:2, 1:5, 1:10 and 1:40 LNSCs to PBMCs. 
Simultaneously, PBMCs were stimulated with anti-CD3 (1:10,000, clone 1XE; Sanquin, 
Amsterdam, the Netherlands) and anti-CD28 (0.25 μg/ml, clone 15E8; Sanquin). Cul-
tures were harvested 96 h later, washed with PBA buffer and stained for 30 min at room 
temperature protected from light using the following directly labelled antibodies: CD45 
V500 (clone HI30; BD Biosciences), CD4 PE-Cy7 (clone SK3; eBioscience) and CD8a 
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APC-eFluor 780 (clone SK1; eBioscience). Cells were washed in PBA and measured us-
ing the FACSCanto II flow cytometer. Data were analysed using FlowJo software. This 
methodology was set up by testing PBMCs isolated from four different healthy donors, 
whereas for the subsequent co-culture experiments, PBMCs from one healthy donor 
were selected to enable direct comparison between LNSCs from different donors.

qRT-PCR

Messenger RNA (mRNA) was isolated using the RNeasy Mini Kit or the RNeasy Micro Kit 
(Qiagen, Venlo, the Netherlands) according to the manufacturer’s instructions, includ-
ing a DNase step to remove genomic DNA. Subsequently complementary DNA (cDNA) 
was prepared using the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo 
Fisher Scientific). qRT-PCR was performed using either TaqMan® Universal PCR Master 
Mix combined with TaqMan assays or SYBR® Green PCR Master Mix (all from Thermo 
Fisher Scientific) combined with primers made in-house (Thermo Fisher Scientific). The 
TaqMan assays and primer sequences are described in Additional file 1: Table S1. For 
detection, we used the StepOnePlus™ Real-Time PCR System (ThermoFisher Scientific). 
Values for each gene were normalized to the expression level of 18S ribosomal RNA. 
An arbitrary calibrator sample was used for normalization. For calculating the relative 
quantity, the 2− Ct comparative cycle threshold method was used for TaqMan assays, 
and a standard curve method was applied for SYBR Green assays.

Nitric oxide measurement

Nitric oxide (NO) was measured by evaluating the nitrite content in culture media using 
modified Griess reagent (G4410; Sigma-Aldrich) according to the manufacturer’s in-
structions. The co-culture supernatant (100 μl) of healthy individuals with RA risk and 
of patients with RA was mixed with the same volume of Griess reagent for 5 min, and 
absorbance was measured at 540 nm. A standard curve with increasing concentrations 
of sodium nitrite (NaNO2) was constructed in parallel and used for quantitation.

Impaired lymph node stromal cell function during the earliest phases of rheumatoid arthritis
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Statistics 

Data are presented as median with IQR or mean with SD when normally distributed. 
Differences between study groups were analysed using the Kruskal-Wallis test followed 
by Dunn’s post hoc test or two-way analysis of variance followed by Dunnett’s multiple 
comparisons test, where appropriate. Prism software version 7.01 (GraphPad Software, 
La Jolla, CA, USA) was used for statistical analysis. P values < 0.05 were considered sta-
tistically significant.
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Figure S1. Gene expression levels over passages. The expression level of VCAM1-, ICAM1-, IL7- and PDPN 
(Podoplanin) in LNSCs obtained from different passages was assessed by qPCR. Relative quantity (RQ) of 15 
donors (n=5 per donor group) is displayed.

Figure S2. Correlation between Podoplanin and IL7- mRNA at P2. The expression levels of PDPN 
(Podoplanin) and IL7- was assessed by qPCR in passage 2 LNSCs (n= 61, donor characteristics in Table 1) and 
showed a positive correlation, which was not observed for other genes measured in these cells. Relative quantity 
(RQ) values were analysed by Spearman correlation test. **** p<0.0001.
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Figure S3. Induction of genes characteristic for LNSCs. The expression level of VCAM1-, ICAM1-, IL7- 
and PDPN (Podoplanin) was assessed by qPCR in LNSCs (passages 4 to 8) after stimulation with TNFα and 
lymphotoxin α1β2 for 4h and, 24h. Mean fold induction (FI) and standard deviation of n= 5 per donor group is 
shown (donor characteristics in Table 2). The dotted line represents a fold induction of 1.

Figure S4. Correlation between Podoplanin and ICAM1- induction. The upregulated mRNA levels of PDPN 
and ICAM1- upon stimulation with TNFα and lymphotoxin α1β2 showed a strong positive correlation, which 
was not observed for VCAM1- and IL7-. Fold induction values were analysed by Spearman correlation test. **** 
p<0.0001.
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ABSTRACT

Background: in rheumatoid arthritis (RA) the cause for loss of tolerance and anti-ci-
trullinated protein antibody (ACPA) production remains unidentified. Mouse studies 
showed that lymph node stromal cells (LNSCs) maintain peripheral tolerance through 
presentation of peripheral tissue antigens (PTAs). We hypothesize that dysregulation 
of peripheral tolerance mechanisms in human LNSCs might underlie pathogenesis of 
RA. Method: lymph node (LN) needle biopsies were obtained from 24 RA patients, 23 
individuals positive for RA-associated autoantibodies but without clinical disease (RA-
risk individuals), and 14 seronegative healthy individuals. Ex vivo human LNs from non-
RA individuals were used to directly analyze stromal cells. Molecules involved in anti-
gen presentation and immune modulation were measured in LNSCs upon interferon γ 
(IFNγ) stimulation (n = 15). Results: citrullinated targets of ACPAs were detected in hu-
man LN tissue and in cultured LNSCs. Human LNSCs express several PTAs, transcription 
factors autoimmune regulator (AIRE) and deformed epidermal autoregulatory factor 1 
(DEAF1), and molecules involved in citrullination, antigen presentation, and immuno-
modulation. Overall, no clear differences between donor groups were observed with excep-
tion of a slightly lower induction of human leukocyte antigen-DR (HLA-DR) and programmed 
cell death 1 ligand (PD-L1) molecules in LNSCs from RA patients. Conclusion: human 
LNSCS have the machinery to regulate peripheral tolerance making them an 
attractive target to exploit in tolerance induction and maintenance.
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INTRODUCTION

Rheumatoid arthritis (RA) is a debilitating inflammatory autoimmune disease hall-
marked by disease-specific autoantibody production against citrullinated proteins, 
but the underlying etiopathogenesis remains largely unknown [1,2]. Citrullination is 
a post-translational modification changing arginine side chain residues to citrulline, 
thereby altering structure and charge of the protein. This process occurs regularly un-
der homeostatic conditions like apoptosis of cells where high levels of calcium activate 
the peptidylarginine deiminase (PADI) enzymes catalyzing citrullination. PADI activity 
is also detected in a wide range of inflammatory tissues [3] including RA synovial tissue 
where high expression levels of PADI2 and PADI4 enzymes have been reported [4]. How-
ever, anti-citrullinated protein antibodies (ACPAs) can be present years before the actu-
al onset of clinical disease [5], while synovial inflammation seems absent [6,7] during 
this pre-clinical RA-risk phase [8]. Therefore, breaking of tolerance against citrullinated 
proteins is probably generated at an extra-articular site like lymphoid organs.

Tolerance by negative selection, anergy, or by generation of regulatory T cells (Tregs) 
is induced during lymphocyte maturation in thymus and maintained in the periphery. 
Through presentation of peripheral tissue antigens (PTAs) by medullary thymic epi-
thelial cells (mTECs) in the thymus, self-reactive thymocytes are deleted or become 
unresponsive [9]. Unsurprisingly, loss of expression of these PTAs, which is driven by 
the transcription factors autoimmune regulator (AIRE), deformed epidermal autoregu-
latory factor 1 (DEAF1), and FEZ family zinc finger 2 (Fezf2) [10–13], leads to autoim-
munity [10,12,14]. In humans, where AIRE expression is observed in the thymus and 
in dendritic cells (DCs) [15,16], AIRE mutations cause a multi-systemic autoimmune 
syndrome, known as autoimmune polyendocrinopathy-candidiasis-ectodermal dystro-
phy (APECED) [17].

Some self-reactive lymphocytes escape the thymic negative selection and are present in 
healthy individuals [18]. Safeguarding tolerance in the periphery is therefore crucial and 
studies in mice show that lymph node (LN) stromal cells (LNSCs) have therein a domi-
nant role. LNSCs possess an impressive arsenal to shape T and B cell responses for main-
tenance of the delicate balance between tolerance and appropriate immune response 
[19,20]. Several subsets of LNSCs have been described, and although the number of sub-
sets is expanding, six subsets are well defined according to their function, location within 
the LN, and the expression of surface markers podoplanin (PDPN, gp38) and CD31 (PE-
CAM-1): fibroblastic reticular cells (FRCs: CD31− gp38+), follicular dendritic cells (FDCs: 
CD31− gp38+/−), marginal reticular cells (MRCs: CD31− gp38+/−), the rather poorly 
studied double negative cells (DNs: CD31− gp38−), lymphatic endothelial cells (LECs: 
CD31+ gp38+), and blood endothelial cells (BECs: CD31+ gp38−) [21,22]. 
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Among others, FDCs and LECs serve as antigen libraries since they catch, preserve, 
and present antigens over longer periods, thereby enhancing T cell memory [23,24]. 
FRCs and LECs have the ability to limit T cell proliferation during ongoing inflamma-
tion by secretion of nitric oxide (NO) and expression of other negative regulators such 
as indoleamine 2,3-dioxygenase (IDO) to protect LN integrity and to contract immune 
responses for return to steady state [25,26]. Furthermore, studies have convincingly 
demonstrated that several LNSC subsets present PTAs on major histocompatibility 
complex (MHC) class I and induce clonal deletion [10,11,27,28]. Additionally, CD4+ T 
cells can be tolerized via PTA presentation on MHC class II or by presentation of MHC-
II-peptide complexes acquired from DCs [29,30]. Moreover, expression and subsequent 
presentation of PTAs by LNSC in the context of MHC class II to CD4+ T cells can also lead 
to maintenance of Tregs [31]. Moreover, recently we demonstrated that LNSCs convert 
naï�ve autoreactive CD4+ T cells into antigen-specific Tregs cells and suppress autoreac-
tive T follicular helper (Tfh) and B cells responses [32].

Taking into account the tremendous influence of LNSCs on peripheral tolerance and 
lymphocyte regulation we hypothesize that malfunctioning of LNSCs might lead to a 
microenvironment causing loss of tolerance and autoantibody production. In this study 
we investigated for the first time in humans whether the LN is a potential place where 
citrullination of RA-related PTAs occurs and whether human LNSCs, like murine LN-
SCs, exhibit the tools for tolerance induction. Finally, we compared the expression of 
citrullinated proteins, PTAs, and immunomodulatory molecules on human LNSCs of 
healthy individuals to LNSCs from RA patients and autoantibody positive individuals at 
risk of developing RA (RA-risk individuals). Our data reveal that human LNSCs express 
citrullinated proteins targeted by ACPAs and are well equipped to regulate (RA-related) 
tolerance.
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RESULTS

 Citrullinated antigens targeted by ACPAs are present in human
LN tissue and in cultured LNSCs

First we investigated by immunohistochemistry the presence of PADI enzymes required 
for citrullination in LN tissue and cultured LNSCs of a small cohort of individuals (healthy 
individuals, RA-risk ACPA− individuals, RA-risk ACPA+ individuals, RA ACPA− patients, 
and RA ACPA+ patients; for each subgroup n = 3, total n = 15). Both PADI2 and PADI4 
enzymes were abundantly present in LN tissue. In cultured LNSCs, PADI2 and PADI4 en-
zymes were detected intracellularly with PADI4 showing a nuclear expression pattern 
as reported before [33] (Figures 1A and 1B, upper panels). Using unique monoclonal 
ACPAs isolated from RA patients’ synovial fluid, which are cross-reactive to one or more 
citrullinated antigens [34,35], we next analyzed the presence of RA-associated citrulli-
nated proteins in LN tissues and cultured LNSCs. Staining with monoclonal ACPAs C03 
and B09 revealed the presence of ACPA-targets in LN tissue as well as in cultured LNSCs 
derived from all study groups (Figures 1A and 1B, lower panels). Overall, each anti-
body showed a distinct staining pattern with variable intensity between donors tested. 
C03-binding was only detected in a few donors, while B09 was highly abundant in most 
donors tested, with expression mainly restricted to nuclei. These data show that citrul-
linated proteins, targeted by ACPAs, are present in LN tissue and cultured LNSCs, and at 
similar levels in healthy individuals, RA-risk individuals, and RA patients.

 Cultured human LNSCs express the transcription factors AIRE
and DEAF1

The expression of an abundant number of PTAs is regulated by transcription factor AIRE 
[17] and DEAF1 [10,11]. In culture expanded LNSCs (all passage 2) DEAF1 mRNA was 
strongly expressed at similar levels in all donor groups (Figure 2A, healthy individuals 
n = 5, RA-risk individuals n = 12, and RA patients n = 14). In contrast, AIRE mRNA was 
very low but detected by qPCR while AIRE protein expression was easily measured by 
flow cytometry (Figures 2B and 2C), immunohistochemistry (Figure 2D), and Western 
blot (Figure 2E). Mean fluorescence intensity (MFI) of AIRE expression (intracellular) 
in cultured LNSCs (passages 3–5) was comparable between healthy individuals, RA-risk 
individuals, and RA patients (Figure 2C, healthy individuals n = 5, RA-risk individuals 
n = 9 and RA patients n = 4). Moreover, comparing intracellular versus intranuclear 
staining revealed most AIRE protein within the nucleus, which was confirmed by im-
munohistochemistry (Figures 2D and S1). Additionally, also by Western blot, we ob-
served that AIRE protein was ubiquitously expressed in cultured LNSCs from healthy

6
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Figure 1. Expression of peptidylarginine deiminases (PADIs) and citrullinated proteins targeted by an-
ti-citrullinated protein antibodies (ACPAs) in lymph node (LN) tissue and cultured lymph node stromal 
cells (LNSCs). (A) LN tissue was stained for PADI2 and PADI4 proteins and citrullinated proteins targeted by 
ACPAs using human monoclonal antibodies C03 and B09. Staining with isotype control (iso) (healthy LN tis-
sues for PADI2 and PADI4 are represented) or control antibody E02 (rheumatoid arthritis (RA) ACPA+ patients 
LN tissue is represented) was negative. A representative picture of each donor group of the immunohisto-
chemical analysis in LN tissue is displayed (n = 3 per donor group; healthy individuals, RA-risk ACPA− individ-
uals, RA-risk APCA+ individuals, RA ACPA− patients, and RA ACPA+ patients). (B) Cultured LNSCs were stained 
against PADI2 and PADI4 protein and citrullinated proteins targeted by ACPAs using human monoclonal an-
tibodies C03 and B09. Staining with isotype controls (iso; RA-risk ACPA+ individuals LNSCs for PADI2 and 
healthy individuals LNSCs for PADI4 are represented) and control antibody E02 (RA ACPA+ patients LNSCs 
is represented) was negative. A representative picture of each donor per group of the immunohistochemical 
analysis in cultured LNSCs is displayed (n = 3 per donor group; healthy individuals, RA-risk ACPA− individuals, 
RA-risk APCA+ individuals, RA ACPA− patients and RA ACPA+ patients, passages 3–11). The larger bar in the 
left corner of images represents 200 µm and the smaller bar inside the magnified images in (A) represents 20 µm.
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individuals, RA-risk individuals, and RA patients (Figure 2E) and that the protein band 
in LNSCs corresponded to the AIRE expression observed in thymus tissue. Overall, these 
data show that both AIRE and DEAF1 are present in cultured human LNSCs.

6

Figure 2. Expression of the peripheral tissue antigen (PTA) driving transcription factors autoimmune 
regulator (AIRE) and deformed epidermal autoregulatory factor 1 (DEAF1) in human LNSCs. (A) Expres-
sion of DEAF1 in cultured LNSCs of passage 2 was assessed by qPCR and compared between different donor 
groups (healthy individuals n = 5, RA-risk individuals n = 12 and RA patients n = 14). Relative quantity is dis-
played as median and interquartile range. (B) Intracellular expression of AIRE protein in cultured LNSCs was 
measured by flow cytometry. Histograms presenting % of positive cells in comparison to isotype staining. (C) 
The scatter plot represents the mean fluorescence intensity (MFI) of intracellular AIRE expression in cultured 
human LNSCs (passages 3–5) from individuals in different donor groups (healthy individuals n = 8, RA-risk 
individuals n = 9 and RA patients n = 4). Relative quantity is presented as median and interquartile range. (D) 
Representative pictures of immunofluorescence staining combined with confocal microscopy displaying AIRE 
(green) and nucleus (blue) in LNSCs (RA patient; passage 3) cultured on chambers slides. Isotype controls were 
negative. (E) Western blot analysis of AIRE protein expression in cultured LNSCs of 12 donors (passages 4–8) 
is shown. Actin was used as loading control and thymic tissue was used as positive control for AIRE expression.
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Variable expression of disease-related PTAs in human LNSCs

Given that we found the presence of the transcription factors potentially driving PTA ex-
pression in LNSCs, we next investigated the expression levels of several disease-related 
PTAs. We selected PTAs previously reported to be expressed by mouse LNSCs [27,28] 
and involved in human diseases: Ras Related Glycolysis Inhibitor and Calcium Channel 
Regulator (RRAD), Glutamate Decarboxylase 1 (GAD1), Proteolipid Protein 1 (PLP1), 
and Alpha Fetoprotein (AFP). RRAD is implicated in several cancers [36] and plays an 
important role in type II diabetes [37]. GAD1 is a major autoantigen in type I diabetes 
and highly expressed in brain and pancreas [38]. PLP1 encodes the most abundant my-
elin protein which is a main target of autoreactive T cells in multiple sclerosis (MS) and 
is detected in cervical LNs of MS patients [39]. AFP levels serve as diagnostic marker 
of liver injury such as hepatocellular carcinoma or Hepatitis C infection [40]. With the 
exception of AFP, all these disease-related PTAs were expressed by human LNSCs (pas-
sages 3 and 4) (Figure 3A). While we did not observe a significant difference in PLP1 ex-
pression by LNSCs from different donor groups, we interestingly found that GAD1 and 
RRAD has a variable expression pattern in LNSCs (all passage 2) derived from healthy 
individuals, RA-risk individuals and RA patients (healthy individuals n = 14, RA-risk 
individuals n = 23, and RA patients n = 24). RRAD was significantly expressed at a lower 
level in LNSCs of RA patients (p = 0.037), whereas GAD1 was highly expressed in LNSCs 
of RA-risk individuals (p = 0.0129) when compared to healthy individuals (Figure 3B). 
Furthermore, after stratification according to ACPA status, the difference in PTA expres-
sion was especially clear in ACPA negative RA patients with almost no RRAD expression 
in LNSCs from ACPA negative RA patients (Figure S2). The expression of these PTAs did 
not correlate with any other clinical parameters such as age, gender, or antibody titers.

MHC class II expression by human LNSC in vitro

Since direct antigen presentation is very difficult to study in human LNSCs due to MHC 
restriction and lack of high number of antigen-specific T cells recognizing PTAs, we 
aimed to study the machinery needed for antigen presentation and lymphocyte modula-
tion in cultured LNSCs. Under homeostatic conditions the human leukocyte antigen-DR 
(HLA-DR) gene participating in the MHC class II complex, is expressed by cultured hu-
man LNSCs (all passage 2) at very low levels in all donor groups tested (Figure 4A). 
Of interest, a non-significant lower expression of HLA-DR was observed in cultured 
LNSCs obtained from RA-risk individuals and RA patients. We next used interferon γ 
(IFNγ) to study regulation of MHC class II as previously reported in mice and humans 
[26,29]. HLA-DR mRNA was strongly increased after 24 and 48 h of stimulation, when 
compared to unstimulated (US), with no significant differences between donor groups,
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Figure 3. Expression of disease-related PTAs in human LNSCs. (A) mRNA expression of Ras Related Glycol-
ysis Inhibitor and Calcium Channel Regulator (RRAD), Glutamate Decarboxylase 1 (GAD1), Proteolipid Protein 
1 (PLP1), and Alpha Fetoprotein (AFP) in five LNSC individuals (1: healthy individuals passage 4; 2: RA-risk 
individuals passage 4; 3: RA patients passage 4; 4: RA patients passage 4; 5: RA patients passage 3) analyzed 
by PCR and visualized on agarose gel. cDNA prepared from an arbitrary in house-made RNA sample pool con-
taining all human tissues (RefRNA) as well as a human thymus sample served as positive control and H2O in 
exchange for cDNA as negative control. (B) Expression of PLP1, RRAD, and GAD1 and was assessed by qPCR in 
different donor groups (healthy individuals n = 14, RA-risk individuals n = 23, and RA patients n = 24, all pas-
sage 2). Relative quantity is displayed as median and interquartile range. Differences between donor groups 
were assessed by Kruskal–Wallis followed by a post Dunn’s test. *p < 0.050.
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Figure 4. Expression of human leukocyte antigen-DR (HLA-DR) (major histocompatibility complex 
(MHC) class II) in cultured human LNSCs. (A) Expression of HLA-DR mRNA in cultured human LNSCs (all 
passage 2) from healthy individuals, RA-risk individuals, and RA patients. (B) Induction of HLA-DR was as-
sessed by qPCR after stimulation with interferon γ (IFNγ) at different time points (unstimulated (US), 4, 24, 
and 48 h, all passage 2). Data are represented as relative quantity in each donor (dot) measured over time, 
where the line indicates the median expression level within one study group over time. (C) Flow cytometry 
gating strategy used to identify CD45− stromal cells according to their Podoplanin (PDPN) and HLA-DR (MHC 
class II) expression. Gating was based on negative isotype staining. FACS plots display cultured LNSCs from 
three representative donors (double negative (DN) cells derived from RA-risk individuals passage 5, fibroblas-
tic reticular cells (FRCs) from RA patients passage 7, and LNSCs from healthy individuals passage 5 containing 
DN and FRCs) out of 13 individuals tested (healthy individuals n = 5, RA-risk individuals n = 5, and RA patients 
n = 3). Dot blot shows their expression profile under unstimulated condition versus stimulation for 72 h with 
IFNγ. Numbers adjacent to the outlined areas indicate percentage of cells in the gated population. (D) Frequen-
cies of DNs and FRCs per donor under unstimulated conditions and stimulated for 72 h with IFNγ is shown. 
(E) The frequencies of HLA-DR positive cells after stimulation for 72 h with IFNγ in FRCs (PDPN+) and DN 
cells (PDPN−) are depicted in two separate graphs. Data are represented as median with interquartile range.
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though induction was highly variable between donors (Figure 4B, n = 5 per donor group). 
On protein level, HLA-DR was strongly increased after 72 h of IFNγ stimulation (Figures 
4C and 4D). Interestingly, next to FRCs (Podoplanin+, CD31−) also DNs (Podoplanin−, 
CD31−) clearly upregulated MHC class II. Podoplanin expression was not influenced by 
IFNγ stimulation (Figure 4C). Furthermore, the number of FRCs and DNs was similar 
between donor groups (Figure 4D) and within these two subsets HLA-DR expression 
was similarly increased in all donor groups although a large inter-donor variation in 
induction was observed (Figure 4E, healthy individuals n = 5, RA-risk individuals n = 4, 
and RA patients n = 3). These findings did not correlate with clinical parameters such as 
age, gender, or antibody titers. Overall, these data suggest that human FRCs as well as 
DNs are equipped to potentially present antigens to CD4+ T cells.

Potential immunomodulation by cultured human LNSC

Next we analyzed the expression of genes potentially involved in LNSC-mediated T cell 
modulation, thereby we used IFNγ, which is produced by T cells upon their activation 
and differentiation, as a stimulus [41]. Genes analyzed in cultured LNSCs of passages 
4–9 after 4, 24, and 48 h stimulation included interferon gamma receptor 1 (IFNGR1), 
co-stimulatory molecules cluster of differentiation 40 (CD40), CD80 and CD86 [27,42], 
immunosuppressive cytokines interleukin 10 (IL-10) and transforming growth factor 
beta 1 (TGFB1), which are both involved in Treg cell induction [43,44], and the negative 
T cell regulators CD274 (programmed cell death 1 ligand (PD-L1)), nitric oxide syn-
thase 2 (NOS2) and indoleamine 2,3-dioxygenase 1 (IDO1) [25,26] (Figure 5A, healthy 
individuals n = 5, RA-risk individuals n = 5, and RA patients n = 5, passages 4–9). Under 
homeostatic conditions no differences between donor groups were observed. IFNGR1 
was stably expressed, at similar levels in all donor groups and unaffected by stimulation 
(Figure S3), showing that all donor groups are equally equipped to respond to IFNγ. 
TGFB1 was strongly expressed under homeostatic conditions and not strongly affected 
by IFNγ (Figure 5A). In contrast, IL-10 was not detected by qPCR. For the co-stimu-
latory molecules, we found that CD40 was strongly expressed and slightly induced at 
24 h, while expression of CD80 was very low and CD86 was undetectable (Figure 5A). 
On the other hand, the negative regulators CD274 (PD-L1), NOS2, and IDO1 strongly 
responded to IFNγ, with CD274 (PD-L1) and NOS2 expression peaking at 4 h and IDO1 
at 24 h (Figure 5A). Furthermore, at protein level we could detect CD40 by flow cytom-
etry on cultured human LNSCs and expression was upregulated after 72 h stimulation 
with IFNγ (Figure 5B) though no significant differences between donor groups were 
observed (passages 4–9) (Figure 5C). Finally, none of these findings reported here on 
mRNA or protein level correlated with any clinical parameter such as age, gender, or 
autoantibody titers. Overall, these data show that human LNSCs have the capacity to 
modulate the adaptive immunity.
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Figure 5. Expression of immunomodulatory molecules in cultured human LNSCs. (A) Induction of 
transforming growth factor beta 1 (TGFB1) CD40, CD80, CD274 (PD-L1; programmed cell death 1 ligand), 
nitric oxide synthase 2 (NOS2), and indoleamine 2,3-dioxygenase 1 (IDO1) was assessed by qPCR in cultured 
LNSCs (passages 4–9) after stimulation with IFNγ at different time points (4, 24, and 48 h). Data are rep-
resented as fold induction (median with interquartile range) by comparing the mRNA levels in stimulated 
cells to corresponding unstimulated cells in 15 donors (n = 5 per donor group). The dotted line represents 
a fold induction of 1. (B) CD40 protein expression was measured by flow cytometry in CD45− stromal cells. 
Histogram depicts the increase in staining between isotype, unstimulated and stimulated for 72 h with IFNγ 
and is displayed for one representative donor (RA-risk individuals passage 8) out of 13 donors tested. (C) 
Induction of CD40 protein upon stimulation with IFNγ for 72 h is further presented as Mean Fluorescent 
Intensity (MFI) ratio (isotype/staining) in all donors measured (healthy individuals n = 5, RA-risk individuals 
n = 5, and RA patients n = 3, passages 4–9).
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Ex vivo human LNSC express HLA-DR and low level of co-stimu-
latory and co-inhibitory molecules

Finally, we acquired larger pieces of human LNs from kidney transplant recipients 
which enabled the directly ex vivo analysis of HLA-DR, co-stimulatory, and co-inhibito-
ry molecules on human LNSCs in comparison to DCs (live CD45+CD11c+) as classical 
antigen presenting cells. In line with murine LNs [31,45], the human LN stromal com-
partment consists of four distinct subsets when gated on live CD45− cells and additional 
staining for CD31 and PDPN, thereby considering the PDPN+ population as one popula-
tion containing FRCs, MRCs, as well as FDCs (Figures 6A and 6B). However, we observed 
more BECs and DNs in human LNs compared to mice [31,45]. HLA-DR was expressed 
on all subsets of human LNSCs but at different levels and considerably lower than DCs 
(Figures 6C and 6D). The MFI of HLA-DR in FRCs, LECs, and BECs was higher than DNs 
which is comparable to MHC-II expression described for murine LNSCs (Figures 6C and 
6D) [31]. Similar to cultured human LNSCs (Figure 5A), co-stimulatory ligand CD80 was 
detected on freshly digested LNs at protein level in which the expression was relatively 
higher on LECs compared to other subsets. Furthermore, we could detect low levels of 
CD86 surface expression on different subsets of LNSCs while we were unable to detect 
the CD86 at mRNA level in cultured stromal cells (Figures 6C and 6D). CD40 expression 
was present on all the subsets and at lower levels than DCs (Figures 6C and 6D). The 
expression level of PD-L1+ on endothelial cells (LECs and BECs) was equivalent to DCs 
but lower on FRCs and DNs. These data noticeably show that ex vivo LNSCs possess 
HLA-DR, co-stimulatory and co-inhibitory molecules.
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Figure 6. Expression of HLA-DR and co-stimulatory molecules on freshly isolated human LNSCs. (A) 
Human LNs obtained from kidney transplantation recipients were enzymatically digested, and stained for 
LNSC subsets based on the expression of CD31 and Podoplanin (PDPN) when gated on live CD45− cells. (B) 
Scatter plot represents the frequencies of different subsets of human LNSCs (hLNSCs) directly after digestion. 
(C) Stromal cells were gated as live CD45− cells and expression of co-stimulatory and inhibitory molecules 
on different subclasses of LNSCs and CD45+CD11c+ dendritic cells (DCs) were assessed using flow cytom-
etry. Histograms show the expression of indicated molecules on different stromal cell subsets and DCs. The 
fluorescence minus one (FMO) was used as negative control. (D) Scatter plots represent mean fluorescence 
intensity of HLA-DR, CD80, CD86, CD40, and PD-L1 of each subset of LNSCs when gated on live CD45− cells in 
comparison to DCs. Data are represented as mean with SEM (n = 3–10 kidney recipients).
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DISCUSSION

Herein we demonstrate for the first time that PADI2 and PADI4 enzymes as well as 
citrullinated proteins targeted by ACPAs are present in human LN tissue as well as in 
cultured human LNSCs during health and different phases of RA. Furthermore, we show 
that human LNSCs express certain PTAs as well as transcription factors AIRE and DEAF1 
together with molecules involved in antigen presentation and immunomodulation. Of 
interest, our data points towards an altered LN microenvironment in RA patients 
compared to healthy individuals as seen by variable expression levels of some PTAs.

Citrullination occurs during life under homeostatic conditions but increases in many 
tissues during inflammation [46]. With PADIs and citrullinated proteins observed in 
healthy individuals, ACPA-negative and ACPA-positive LN tissue, and cultured LNSCs, 
our data clearly reveals that citrullination is on-going in human LNs and that this pro-
cess occurs in both healthy individuals and RA patients’ LNSCs. However, a deeper con-
clusion cannot be drawn since the antibodies used are reactive to several citrullinated 
targets [47] and we only investigated a small number of donors in this explorative study.
In the context of peripheral tolerance by LNSCs we confirm expression of DEAF1 and 
AIRE, with AIRE protein being localized primarily nuclear [11] with some cytosolic 
AIRE as reported in other mammalian cells [48]. Furthermore, we observed a differen-
tial expression pattern of disease-related PTAs in LNSCs of RA-risk individuals and RA 
patients. Of interest, these differences were especially pronounced in LNSCs derived 
from ACPA negative individuals, which form potentially a genetically distinct patient 
group [49]. Expression of RRAD was found to be significantly lower in LNSCs of RA pa-
tients compared to healthy individuals. At first glance there is no link to autoimmunity 
since RRAD overexpression is associated with type II diabetes [37,50], which is caused 
by acquired insulin resistance. However, RA is an important risk factor [51] for this type 
of diabetes, possibly due to RA-driven inflammation [52]. Since it has been shown that 
murine LNSCs can control the formation of autoreactive T cells by presenting specific 
PTA in the context of MHC molecules [27,32,53], it is possible to speculate that LNSCs 
obtained from RA patients are not capable of suppressing RRAD-specific T cells due to 
lower expression of this PTA. Although the limitation of our study is the low number of 
PTAs we analyzed. Investigating the expression of various PTAs by LNSCs from RA pa-
tients will be of interest in future studies to confirm this observation. Moreover, further 
experiments showing antigen presentation and tolerance induction by human LNSCs 
are necessary, though highly challenging to conduct. So far, we lack the knowledge on 
well-defined PTA presented by human LNSCs and the availability of corresponding au-
toreactive human T cells. However, recently a multi-tetramer assay has been developed 
to detect citrulline-specific T cells in both healthy individuals and RA patients [54]. 
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These tetramers might allow us to study tolerance capacity of LNSCs in controlling ci-
trulline-specific T cells using our in vitro model containing expanded human LNSCs.

Our data reveal that both ex vivo and in vitro, human LNSCs might have the potential to 
present PTAs directly as they strongly express HLA-DR especially after stimulation with 
IFNγ. Of interest, our study shows that human FRCs, and also DNs have equal capacity 
to induce HLA-DR, pointing towards potentially similar roles of these two subsets in 
humans [21]. However, studies in mice diverge on whether LNSCs present directly to 
CD4+ T cells. Two studies promoted direct presentation [31,55] and shuttling MHC class 
II-peptide complexes from DCs [29], while another group showed that LNSCs shuttle 
antigens to DCs and do not induce tolerance themselves [30]. Similarly, in humans, LECs 
were able to process antigens, but failed to induce allogeneic CD4+ T cell proliferation 
[26]. Since LNSCs needed several weeks to grow to confluence and did not contain CD45 
positive hematopoietic cells such as DCs, we can conclude that human LNSCs express 
MHC class II themselves. Accordingly, our ex vivo analyses reveal that human LNSCs 
express low level HLA-DR in comparison to DCs. Furthermore, the antibody L243 used 
to stain MHC class II molecules detects a conformational epitope on HLA-DRαβ which 
depends on the peptide-loading and consequent correct folding of the αβ heterodimer 
[56], indicating the presence of functional MHC class II molecules containing peptides 
on the LNSC cell membrane. Nonetheless, this culture technique for human LNSCs pro-
vides a robust basis for applying modern techniques in future research to identify MHC 
class loaded peptides on LNSCs by mass spectrometry [57] or reverse immunology us-
ing bioinformatics [58].

Next to possible antigen presentation by LNSCs, we demonstrated in this study that 
human LNSCs possess an arsenal of immunomodulatory molecules both in vitro on 
cultured human LNSCs and ex vivo on freshly isolated human LNSCs. As previously re-
ported, PD-L1 expression is mostly restricted to endothelial cells (LECs and BECs) on 
freshly isolated human LN [59]. Similarly, our data also showed that PD-L1 protein ex-
pression was higher on endothelial cells in comparison to FRCs and DNs. Interestingly, 
at mRNA level we could detect low level of PD-L1 and HLA-DR in cultured stromal cells 
and the expression was lower in RA-risk individuals and RA patients compared with 
healthy individuals, but future studies are needed to confirm this. Moreover, our data 
reveal very low levels of co-stimulatory molecules CD80, CD86, and CD40 expression on 
freshly isolated human LNSCs. This is interesting since tolerogenic DCs possess a low 
level of costimulatory molecules and therefore can control autoreactive T cells. From 
these observations we can conclude that human LNSCs have the machinery to interact 
and influence lymphocytes and therefore to potentially regulate tolerance and adaptive 
immunity.
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Overall, our explorative study shows for the first time citrullination in human LNSCs 
targeted by autoantibodies isolated from RA patients. Further challenging mechanis-
tic studies are required to investigate whether LNSCs from RA (-risk) patients have an 
altered tolerogenic effect on autoreactive T cells. To study LNSCs immunoregulatory 
function, in vitro expansion of LNSCs is required, which is a limitation of this study. 
The difficulty of obtaining LN biopsies from a large number of individuals and the slow 
growth rate of human LNSCs limits the number of donors analyzed in this study. In ad-
dition, the variation between donors is high. However, by revealing that human LNSCs 
exhibit the tools to induce tolerance as observed in mice, they become an attractive new 
therapeutic target to exploit in tolerance maintenance and induction.
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MATERIALS AND METHODS

Study individuals and lymph node needle biopsy sampling

Individuals with arthralgia and elevated IgM-RF and/or ACPA levels, but without any ev-
idence of arthritis upon examination were included (RA-risk individuals, phase c/d; n= 
23[8]). Median follow up time of RA-risk individuals was 20.3 months (12.9–33.2 (IQR)) 
and none of the RA-risk individuals developed arthritis during this period. RA-risk in-
dividuals were not allowed to have systemic or intra-articular corticosteroid injection 
less than 28 days before enrolment. In addition, RA patients with established disease 
based on fulfillment of the American College of Rheumatology and European League 
Against Rheumatism (ACR/EULAR 2010 [60] criteria and as assessed by the rheuma-
tologist were included (n = 24). Healthy individuals without any joint complaints and 
without elevated IgM-RF and/or ACPA level and without active viral infection or any 
history of autoimmunity or malignancy and no present or previous use of disease-mod-
ifying antirheumatic drugs (DMARDs), biologicals, or other experimental drugs served 
as the (voluntary) control group (n = 14). IgM-RF was measured using IgM-RF ELISA 
(Hycor Biomedical, Indianapolis, IN, USA) (ULN (upper limit of normal) 49 kU/mL)). 
ACPA was measured using anti-CCP2 ELISA CCPlus (Eurodiagnostica, Nijmegen, The 
Netherlands (ULN 25 kAU/L)). The study was performed according to the principles of 
the Declaration of Helsinki, approved by the institutional medical ethical review board 
of the Academic Medical Center (Ethical permission: NL20951.018.07, date: 25 Febru-
ary 2008 and NL52469.018.15, date: 17 July 2015), and all study individuals gave writ-
ten informed consent. All study individuals underwent an ultrasound-guided inguinal 
LN needle core biopsy as previously described [61]. At the day of LN sampling none of 
the donors showed signs of an infection. Table 1 shows the demographics of the includ-
ed individuals.
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Lymph node collection and processing from kidney transplantation 
recipients

LNs were collected from surgical residual material of kidney transplantation recipients 
(n = 10) during implantation of the kidney. Before anastomosing the arteria and vena re-
nalis, the iliac artery and vein were dissected free. The resulting residual tissue that was 
removed in this procedure often contains LNs. Though all patients were treated with a 
quadruple immunosuppressive therapy, only the first dose of CD25mAb was adminis-
tered before the procedure and we have demonstrated that CD25mAb (basiliximab; No-
vartis Pharma, Amsterdam, The Netherlands) was not detectable in LN cells and that ex 
vivo CD25 expression on cells could be blocked with CD25mAb [62]. LNs were carefully 
cleaned of fat and connective tissue, then cut into small pieces (< 0.5 cm) after which a 
cell suspension was obtained by grinding the material through a flow-through chamber. 
The remaining tissue stroma was used in this study and digested as described before 
[45] to isolate and analyze LNSCs directly ex vivo. In summary, LN stroma was digested 
using the enzymatic mixture of 0.2 mg/mL collagenase p (Roche, Woerden, The Neth-
erlands), 0.8 mg/mL Dispase II (Roche, Woerden, The Netherlands), and 0.1 mg/mL 
DNAse I (Roche, Woerden, The Netherlands) in RPMI medium (Invitrogen, Landsmeer, 
The Netherlands) without serum. Cell suspensions were filtered through a 70-μm nylon 
cell strainer and directly stained for flow cytometry.

Lymph node stromal cell culture and stimulation

LNSC culture was performed as previously described [63,64]. In short, after depletion of 
lymphocytes through a 70 μm cell strainer (BD Falcon, San Jose, CA, USA) the remaining 
stromal tissue of a freshly collected LN needle core biopsy was plated on a 6-well cul-
ture dish (Greiner CELLSTAR®, Sigma Aldrich, Zwijndrecht, The Netherlands) (passage 
0; P0). Complete cell culture medium was added which consists of Dulbecco’s Modified 
Eagle Medium (DMEM) low glucose (Gibco, Bleiswijk, The Netherlands) supplemented 
with 0.1% penicillin (Astellas Pharma Inc, Leiden, The Netherlands), 0.1% streptomy-
cin, 0.05 mg/mL gentamicin, 10 mM HEPES buffer, 2 mM L-glutamine (all Gibco, Bleis-
wijk, The Netherlands), and 10% fetal calf serum (FCS) (GE Healthcare, Zeist, The Neth-
erlands). To expand cell numbers and for passaging, cultured monolayers of human 
LNSCs were treated with trypsin (0.05% trypsin/5 mM ethylenediaminetetraacetic 
acid (Thermo Fisher Scientific, Landsmeer, The Netherlands)) in phosphate buffer sa-
line (PBS, Fresenius Kabi Nederland BV,  Zeist, The Netherlands) for 7 min at 37 °C. 
For harvesting, cells were washed with sterile PBS, trypsinized and the cell suspension 
was collected and centrifuged for 10 min, 1000 rpm (212 g) at 4 °C. Cells were resus-
pended in cold complete medium and counted using trypan blue (Sigma Aldrich) in a 
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Bürker-Türk chamber (LO Labor Optik, Lancing, UK). Subsequently, human LNSCs were 
seeded for different experiments. For flow cytometry LNSCs were plated in a 6-well 
plate (100,000–200,000/well) and stimulated with 50 ng/mL IFNγ (Affymetrix eBiosci-
ence, Landsmeer, The Netherlands). For real-time PCR analysis LNSCs were seeded in 
a 24-well plate (30,000/well) and stimulated with 10 ng/mL IFNγ. For chamber slides 
(Thermo Fisher Scientific, Landsmeer, The Netherlands) 5000 LNSCs/well were used. 
As described previously, this ex vivo LNSC culture model contains a mixture of FRCs and 
DNs [64].

Immunohistochemical analysis and (Confocal) microscopy

LN needle biopsies were snap frozen in Tissue-Tek OCT (Thermo Fisher Scientific, 
Landsmeer, The Netherlands), cryostat sectioned (7 μm), and stored at −80 °C till fur-
ther use. Before staining, sections were fixed for 20 min using 2% formaldehyde (Sig-
ma-Aldrich, Zwijndrecht, The Netherlands). Cultured LNSCs were plated out (5000/
well) in chamber slides (Thermo Fisher Scientific, Landsmeer, The Netherlands), rested 
for 24 h in complete medium, washed, fixed with cold methanol (Sigma Aldrich, Zwi-
jndrecht, The Netherlands) for 10 min, and stored at −80 °C till further use. LNSCs on 
chamber slides were blocked with 1% H2O2 (Sigma Aldrich, Zwijndrecht, The Nether-
lands) and 20% human serum (Akademiska pharmacy, Stockholm, Sweden). The fol-
lowing antibodies were generated at the Karolinska Institutet as previously described 
[35]: human biotinylated monoclonal ACPAs (1325:04C03 = C03, 1325:01B09 = B09) 
are second generation validated ACPAs as described in Steen et al. [35]. A human bioti-
nylated concentration-matched antibody (E02, reactive against tetanus) was used as 
a non-ACPA control antibody. Furthermore, in this study rabbit polyclonal anti-PADI2 
(Cosmo Bio, Tokyo, Japan), mouse monoclonal anti-PADI4 (Abcam, Cambridge, UK) and 
corresponding isotype controls were used. Slides were incubated overnight in a moist 
chamber at 4 °C with the primary/detection antibodies. The next day, slides were first 
blocked with 1% normal goat serum (Dako, Stockholm, Sweden) and then incubated for 
30 min with either biotin-conjugated goat anti-mouse secondary antibody (Invitrogen, 
Stockholm, Sweden) or a biotin anti-rabbit IgG (H + L) (Vector Laboratories, Stockholm, 
Sweden). Staining was performed using the VECTASTAIN Elite ABC kit (Vector Labo-
ratories, Stockholm, Sweden) and visualized with 3,3-diaminobenzidine (DAB, Vector 
Laboratories, Stockholm, Sweden). Slides were counterstained with Mayer’s hematox-
ylin (Sigma Aldrich Zwijndrecht, The Netherlands), permanently mounted and viewed 
by a light microscope (Reichert Polyvar 2 type 302001, Leica Microsystems, Wetzlar, 
Germany). Sections of LN tissue were scored by two independent researchers with a 
scale ranging from 0 to 4 with 0 = no signal and 4 = very strong signal. For AIRE staining, 
LNSCs on chamber slides were blocked and permeabilized with PBS buffer containing 
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3% bovine serum albumin (BSA) and 0.3% Triton (both Sigma Aldrich, Zwijndrecht, 
The Netherlands) for 30 min and then incubated overnight at 4 °C with monoclonal 
mouse IgG1 anti-human AIRE antibody (Santa Cruz, Huissen, The Netherlands) or con-
trol mouse IgG1 antibody (Dako, Amstelveen, The Netherlands). Subsequently, second-
ary anti-mouse IgG1-AlexaFluor488 (Invitrogen, Landsmeer, The Netherlands) was 
used for labelling and chamber slides were mounted using Vectashield Hardset (Vector 
Laboratories, Stockholm, Sweden). After hardening overnight staining was analyzed by 
confocal microscope (TCS SP8, Leica Microsystems, Wetzlar, Germany).

Flow cytometry analysis

Human LNSCs (passages 5–10) were harvested from a 6-well dish using 1 mL TripLE™ 
Select (Gibco, Bleiswijk, The Netherlands) for 10 min at 37 °C. Subsequently, cells were 
washed in PBA buffer (PBS containing 0.01% NaN3 and 0.5% BSA (Sigma Aldrich, Zwi-
jndrecht, The Netherlands), and stained for 1 h with rat IgG2a anti-human Podoplanin 
(clone NZ-1, AngioBio, Huissen, The Netherlands) on ice. Afterwards cells were washed 
again in PBS buffer, followed by a second incubation for 30 min on ice protected from 
light using the following directly labelled antibodies: polyclonal goat anti-rat IgG Al-
exaFluor647 (Invitrogen, Landsmeer, The Netherlands), CD45 FITC (clone HI30, Becton 
Dickinson (BD) Pharmingen, Vianen, The Netherlands), CD80 PE (clone 2D10.4, eBio-
science, Landsmeer, The Netherlands), CD274 (PD-L1) BV421 (clone MIH1, BD Bio-
sciences, Vianen, The Netherlands), HLA-DR PE-Cy7 (clone L243, Sony Biotechnology, 
Surrey, UK), and CD40 PE-Cy7 (clone 5C3, Sony Biotechnology, Surrey, UK) or with cor-
responding isotype control antibodies. Staining with HLA-ABC PE-Cy7 (clone G46–2.6, 
Biolegend, London, UK) served as a positive control and was used to set-up the correct 
compensation configuration settings. To assess the HLA-DR and co-stimulatory expres-
sion on human LNSCs directly ex vivo, freshly isolated cells were stained with eBio-
science™ Fixable Viability Dye eFluor™ 780 (Invitrogen, Landsmeer, The Netherlands) 
for 15 min, followed by 10 min blocking in PBS containing 5% normal human serum 
and 2% FCS (Biowest) on ice in the dark. The cells were then incubated with CD45 
eFlour 450 (MI30, Invitrogen, Landsmeer, The Netherlands), CD11c Alexa 700 (Bu15, 
Biolegend, London, UK), HLA-DR PE (clone L243, Invitrogen, Landsmeer, The Nether-
lands), CD80 Pe-Cy7 (clone 2D10, Biolegend, London, UK), CD86 Pe-Cy5 (clone IT2.2, 
Biolegend, London, UK), CD40 PerCP/Cy5.5 (clone 5C3, Biolegend, London, UK), PD-L1 
BV711 (clone 29E.2A3, Biolegend, London, UK) antibodies for 30 min on ice in the dark. 
For staining of AIRE protein in LNSCs we used the Fixation/Permeabilization Solution 
Kit (BD Biosciences, Vianen, The Netherlands) to detect intranuclear expression or the 
Foxp3/Transcription Factor Staining Buffer Set (eBioscience, Landsmeer, The Nether-
lands) according to the manufacturer’s instructions. Cells were stained with AIRE PE 
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(clone 614530, R&D Systems, Minneapolis, MN, USA) and mouse IgG1 isotype control 
(eBioscience, Landsmeer, The Netherlands) for 30 min at RT. Cells were measured on 
a FACS CANTO II (BD, Vianen, The Netherlands) or a BD LSRFortessa™ X-20 (BD Bio-
sciences, Vianen, The Netherlands) and analyzed with FlowJo software (TreeStar Inc., 
Ashland, Oregon, USA).

Quantitative real-time PCR and conventional PCR

Total RNA was isolated using the RNeasy Mini kit or RNeasy Micro kit (Qiagen, Ven-
lo, The Netherlands) according to the manufacturer’s instructions, including a DNAse 
step to remove genomic DNA. Subsequently cDNA was prepared using the RevertAid H 
Minus First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Landsmeer, The Neth-
erlands). Quantitative PCR was performed using either Taqman® Universal PCR master 
mix combined with Taqman assays or SYBR® Green PCR master mix (all from Applied 
Biosystems, Life Technologies, Zwijndrecht, The Netherlands) combined with in house 
designed primers (Thermo Fisher Scientific, Landsmeer, The Netherlands). Taqman as-
says and primer sequences are described in Table S1. For detection we used a StepO-
nePlus™ Real-Time PCR System or the QuantStudio 3 (Applied Biosystems, Life Tech-
nologies, Zwijndrecht, The Netherlands). Values for each target gene were normalized 
by the expression level of 18S RNA. An arbitrary calibrator sample was used to correct 
for inter-plate differences. For calculating the relative quantity (RQ) the delta-delta Ct 
method was used for Taqman assays and a standard curve method was applied for SYBR 
green assays. An arbitrary calibrator sample was used to correct for inter-plate differ-
ences. The fold induction was calculated using the following formula: (RQ stimulated / 
RQ unstimulated).

For conventional PCR we used the GoTaq DNA, GoTaq green reaction buffer and dNTPs 
(Promega, Leiden, The Netherlands), and the Biometra T-gradient Thermoblock (Ana-
lytic Jena, Jena, Germany) with the following program: denaturation step 3 min at 95 °C, 
then cycle of 40 times of 30 s 95 °C followed by 30 s at 61 °C and elongation for 45 s at 
72 °C and finally 2 min at 72 °C. As positive controls we used an in house made arbitrary 
RNA sample containing a mixture of RNA isolated from all human tissues (kindly pro-
vided by Dr. Huitinga from The Netherlands Institute for Neuroscience) as well as RNA 
from human thymus tissue (kindly provided by the Pathology department of the AMC, 
Amsterdam, The Netherlands). Samples were loaded on a 1.5% agarose gel (Invitrogen, 
Landsmeer, The Netherlands) and mRNA expression was visualized using gel imager 
Gene Flash (Syngene, Amsterdam, the Netherlands).
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Western blot

Approximately 300,000 LNSCs were collected in 50 µL of radioimmunoprecipitation 
assay (RIPA) buffer (Bioke, Leiden, The Netherlands) supplemented with leupeptin (1 
µL/mL, Sigma Aldrich, Zwijndrecht, The Netherlands), pepstatin A (1 µL/mL, Sigma 
Aldrich, Zwijndrecht, The Netherlands), and PMSF (phenylmethanesulfonyl fluoride, 4 
µL/mL, Sigma Aldrich, Zwijndrecht, The Netherlands) and were stored at −80 °C till 
further use. After thawing, protein concentration was measured using Pierce BCA pro-
tein assay kit (Thermo Fisher Scientific, Landsmeer, The Netherlands). Then, 10 µg of 
each sample, diluted in NuPAGE reducing agent and NuPAGE LDC buffer (Thermo Fisher 
Scientific, Landsmeer, The Netherlands) was loaded into a NuPAGE 4–12% gradient gel 
together with a Protein Molecular Weight Marker (Odyssey® One-Color, LI-COR, Bad 
Homburg, Germany). Gel was run in MES buffer (Thermo Fisher Scientific, Landsmeer, 
The Netherlands) for 1 h at 200 V. Subsequently, proteins were transferred onto a PVDF 
membrane (Immobilon-FL, Merck Millipore, Amsterdam, The Netherlands) for 70 min 
at 30 V. For washing TBST buffer (50 mM Tris, 150 nM NaCl, 0.1% Tween 20) was used 
and after blocking of membrane with 5% Blotting-Grade Blocker (Bio-Rad, Veenendaal, 
The Netherlands), the membrane was incubated with monoclonal mouse IgG1 anti hu-
man AIRE (1:500) or polyclonal goat IgG anti human Actin (1:2000) (both Santa Cruz, 
Huissen, The Netherlands) overnight at 4 °C. The next day the membrane was washed 
and incubated with anti-mouse or anti-rabbit secondary antibodies conjugated with 
horseradish peroxidase (HRP) (both 1:2000, both Dako, Stockholm, Sweden) and were 
visualized using the HRP substrate Lumi-Light Plus (Roche, Woerden, The Netherlands). 
Blot was analyzed using ImageQuant LAS4000 (GE Healthcare, Zeist, The Netherlands).

Statistics

Data are presented as median with interquartile range (IQR) or mean with standard 
deviation when normally distributed. Differences between the study groups were ana-
lyzed using Kruskal–Wallis test followed by a post-hoc Dunn’s test or a two-way ANO-
VA test followed by Dunnett’s multiple comparison test, where appropriate. GraphPad 
Prism software (V.7.01, La Jolla, California, USA) was used for statistical analysis. p-val-
ues < 0.05 were considered statistically significant.
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Supplementary Information

Figure S1. Intranuclear staining of Aire protein in cultured human LNSCs. Aire protein expression was 
measured by flow cytometry comparing intracellular versus intranuclear staining (tested on 2 healthy 
donors passage 3). Histogram presents % of positive cells in comparison to isotype staining.

Figure S2. Expression of RRAD and GAD1 stratified according to ACPA status. Expression of RRAD and 
GAD1 was assessed by qPCR in LNSCs of passage 2 derived from different donor groups (healthy individuals 
n = 14, RA-risk ACPA+ individuals n = 13, RA-risk ACPA− individuals n = 10, RA ACPA+ patients n = 18 and RA 
ACPA− patients n = 6). Relative quantity is displayed as median and interquartile range. Differences between 
donor groups were assessed by Kruskal-Wallis followed by a post Dunn’s test. *p < 0.050, **p < 0.010, ***p 
< 0.001.
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Figure S3. Induction of IFNGR1 after stimulation with IFNγ in human LNSCs. Expression of IFNγR1 was 
assessed by qPCR in LNSCs after stimulation with IFNγ for 4 h, 24 h or 48 h. Data are represented as fold 
induction (median with interquartile range) by comparing the protein levels in stimulated cells to corre-
sponding unstimulated cells in 15 donors (n = 5 per donor group). Dotted line represents a fold induction 
value of 1.
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Lymph nodes (LNs) are strategically positioned secondary lymphoid organs (SLOs) 
in the body, allowing efficient drainage of antigens from the tissues to facilitate the 
initiation, maintenance and resolution of an adaptive immune response [1]. The LN 
microarchitecture comprise B- and T-cell zones located in the cortex and paracortex, 
respectively, located between a subcapsular sinus (SCS) and the medulla [1, 2]. This 
microarchitecture is organized by various non-hematopoietic lymph node stromal cell 
(LNSC) subsets which provide a mechanical framework that supports expansion and re-
duction of LN size, organize immune cells into structurally discrete niches and contrib-
ute to migration, antigen encounter and survival of lymphocytes [1, 3-5]. In addition, 
we and other have demonstrated that LNSCs have a critical role in maintaining periph-
eral tolerance [6, 7]. This dissertation aimed to further understand the mechanisms 
involved in the induction of peripheral tolerance by LNSCs and the role of skin collagen 
fibrillogenesis in dendritic cell (DC) migration to LNs upon immunization. Accordingly, 
in Chapter 2, we provided first-time evidence that change in collagen fibrillogenesis re-
sulted in thicker fibers within the dermis, which had severe consequences for the initia-
tion of an efficient adaptive immune response in skin-draining LNs [8]. Additionally, we 
have added novel mechanisms by which LNSCs convert naï�ve CD4+ T cells into regula-
tory T (TREG) cells and thereby further control autoreactive T follicular helper (TFH) cells 
and B cells (Chapter 3) [9]. Moreover, this function of LNSCs is further controlled by the 
local microenvironment of the LNs (Chapter 4). In order to provide opportunities to 
translate these finding to clinical studies, we investigated the role of LNSCs in diseases 
such as rheumatoid arthritis (RA) (Chapter 5 and 6) [10, 11]. We showed that LNSCs 
obtained during the preclinical and earliest phases of RA have the capacity to present 
peripheral tissue antigens (PTAs) and may be impaired in efficiently suppressing T cell 
activation [11, 12]. 

Lymph nodes: a place for tightly controlling an adaptive immune 
response

For effective activation of naï�ve lymphocytes in LNs, presentation of peptide:MHC 
complexes by LN-resident and tissue-derived dendritic cells (DCs) that encountered 
antigens is necessary [13, 14]. Upon infection lymph containing antigens will flow via 
the afferent vessels into the sinuses and collagen-rich conduit system produced by fi-
broblastic reticular cells (FRCs) of the draining LN [15]. LN-resident DCs sample the 
conduits and sinuses for antigens and present these as peptide:MHC complexes for 
initial activation of naï�ve CD4+ and CD8+ T cells [13, 14]. However, a large part of the 
antigens are taken up by tissue-resident DCs at the site of infection for transfer to the 
same downstream LN [13, 14]. To get to the nearest draining LN upon infection, DCs 
need to migrate from the infection site to the afferent lymphatics [13, 14]. This can only 
be reached by traversing a collagen-dense network located in the dermis of the skin 
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through the activity of proteolytic enzymes [16]. In Chapter 2 we showed that mice 
lacking dermatan sulfate (DS)-epimerase (Dse), an essential enzyme in controlling col-
lagen fibrillogenesis, resulted in thicker collagen fibers in the skin and as a result of 
that displayed impaired DC migration to the draining LN upon immune challenge. As 
a consequence, antigen-specific T cell responses as well as antigen-specific germinal 
center B cell responses and serum immunoglobulin levels were significantly decreased 
(Chapter 2) [8]. We showed that the delay in contribution by tissue-derived DCs to 
an optimal adaptive immune response was due to their inability to traverse through 
altered collagen fibers (Chapter 2) [8]. Impaired DC migration to the skin-draining LNs 
reduced CD4+ T helper cells activation (Chapter 2). This is important as CD4+ T cells 
have been shown to be crucial for optimal B cell as well as CD8+ T cell responses [17, 
18]. However, the role of Langerhans cells (LCs) in our model cannot be entirely exclud-
ed, although the intradermal immunization is primarily dependent on dermal DCs to 
induce an immune response and not much regulated by LCs, therefore we believe the 
effect is marginal because it was suggested that dermal DCs have an Ag uptake advan-
tage over LCs [14].

As discussed above, DCs are essential for the activation of lymphocytes for an optimal 
immune response against infections. It is possible to speculate that impaired migration 
of DCs to the LNs might increase the infection susceptibility of patients, suffering from 
connective tissue disorders [19, 20]. In line with this notion, homozygous mutations 
in the Dse genes in humans result in the development of the Ehlers-Danlos syndrome 
(EDS) which is characterized by skin and joint laxity and tissue fragility [21, 22]. More-
over, these patients consist of a heterogeneous group all displaying connective tissue 
disorders as a consequence of impaired formation of collagen fibrils [22]. Therefore, 
based on the data we have obtained in Chapter 2, it is now possible to speculate that 
genetic aberrations in DSE would result in impaired immunological responses and sus-
ceptibility to a variety of infections in patients with connective tissue disorders involv-
ing the skin. Moreover, DS function is critical in collagen fibrillogenesis [23] and growth 
factor signalling [24], therefore loss of Dse could affect both processes. Altogether, these 
findings support a model in which collagen fibers and extracellular matrix (ECM) not 
only function in tissue support, but also affect the efficiency of DC emigration and sub-
sequent qualitative outcome of adaptive immunity in skin-draining LNs. Therefore, it 
is important to better understand the underlying mechanisms leading to impaired im-
mune-responses in patients with connective tissue abnormalities, which is currently 
unexplored [21, 25, 26]. However, migratory DCs constantly sample the peripheral tis-
sues for peripheral tissue antigens (PTAs), upon which they migrate to LNs and interact 
with naï�ve, but autoreactive T cells that have escaped thymic selection (Figure 1). To 
avoid the initiation of  autoimmunity, the immune system has developed a comprehensive 
network of different mechanisms in LNs that induce tolerance in autoreactive T cells,
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while allowing effective immune responses to foreign antigens (Figure 1). It is well es-
tablished that LNSCs, in particular FRCs and lymphatic endothelial cells (LECs), play a 
crucial role in controlling autoreactive T cells by directly presenting PTAs in the context 
of MHC class I and MHC class II complexes [6].

Figure 1. Lymph node function controls tolerance vs immune reactivity. (1) During thymic tolerance, few 
autoreactive T lymphocytes escape the thymus to the periphery. The activity of these autoreactive T cells is 
further controlled by lymph node stromal cells (LNSCs) through multiple mechanisms. (2) During an infection 
dendritic cells (DCs) activate (naï�ve) lymphocytes within the lymph node (LNs). Activated lymphocytes egress 
the LNs to the target tissue to eliminate the infection (3) In a steady-state condition migratory DCs transfer 
peripheral tissue antigen (PTAs) to tissue-specific LN in order to activate the immune system, however, LNSCs 
and LN-resident DCs suppress the activation of autoreactive CD4+ or CD8+ T cells against specific PTAs.
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Coordination of immune response by lymph node stromal cells

LNSCs have been promoted as new modulators of T-cell responses. FRCs secrete a broad 
range of extracellular matrix molecules including collagens, decorin, laminins and bigly-
can to maintain the LN structure [27-29]. In this way FRCs can form a tube-like structures 
known as the conduit system through which low molecular weight molecules, arriving via 
lymphatics, enter into T cell zones to encounter LN-resident DCs [28-32]. Therefore, DCs 
can quickly process and present the antigens to T cells to start the first phase of immune 
activation [30, 32, 33]. Secretion of chemotactic factors such as CC-chemokine ligand 19 
(CCL19) and CCL21 by FRCs within the T cell zone will attract naï�ve lymphocytes as well 
as DCs [28, 34-36]. Moreover, the high level of PDPN expression on FRCs enables them to 
drive DC migration through C-type lectin-like receptor 2 (CLEC-2) signaling within the LN 
[37, 38]. Furthermore, FRCs support the survival and maintenance of CD4+ and CD8+ T 
cells at steady-state by releasing interleukin-7 (IL-7) [29]. 

On the other hand, different subsets of LECs form the afferent and efferent lymphatic 
vessels of the LN [39-41]. This allows the entry of incoming antigen-bearing DCs and 
soluble antigens into the SCS to the LNs, whereas naï�ve T cells enter the parenchymal 
from the medullary sinuses [41-43]. DCs directly transmigrated through flor of the SCS 
in to the LN while  LECs can, similar as FRCs, control lymphocyte and DC migration and 
adhesion at multiple levels. Hereto, different LEC subsets have been described to be 
present within LNs [44-46]. LECs in the ceiling (cLEC) of the SCS exclusively express the 
atypical chemokine receptor 4 (ACKR4) an atypical receptor for CCL19 and CCL21 [47]. 
ACKR4 scavenges these chemokines and collectively creates a gradient that enables DC 
migration into the LN parenchyma [40]. LECs, together with FRCs are the source of IL-7 
and are important regulators of lymphocyte homeostasis and survival [48]. Further-
more, LECs are essential to maintain the homeostasis of macrophages in the SCS via 
expression of colony stimulatory factor-1 (CSF-1) [49].

Tolerogenic properties of lymph node stromal cells

Next to structural support of LNs, and migration and survival of leukocytes, LNSCs play 
a critical role in controlling T cells [6, 7]. LNSCs express various endogenous PTAs, MHC 
class I and MHC class II molecules, therefore they can directly present PTAs to autoreac-
tive T cells and suppress their expansion (Figure 2) [5, 50]. FRCs and LECs can strongly 
attenuate T cell expansion by producing nitric oxide (NO), which acts in a paracrine 
manner on T cells to suppress their proliferation (Figure 2) [51-53]. For instance, FRCs 
release NO upon stimulation by inflammatory cytokines such as interferon gamma 
(IFN-γ) and tumor necrosis factor alpha (TNF-α) which is secreted by activated T cells 
(Figure 2) [51-53]. On the other hand, LECs suppress the maturation of DCs and its 
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ability to stimulate T cells through the expression of intercellular adhesion molecule-1 
(ICAM-1) on LECs and Mac-1 on DCs in the absence of pathogen-derived signals [54]. 
Therefore, LECs reduce the expression of CD86 on DCs to impair their ability to prime 
T cells in the absence of infection [54]. It has been shown that LECs are antigen scaven-
gers and can process and cross-present the antigens to CD8+ T cells which impaired the 
activation and IL-2 production by CD8+ T at steady-state [55]. Moreover, high level of 
PD-L1 expression on LECs, which signals to programmed death-1 (PD-1) expressed by 
T cells, associate with direct deletion of autoreactive CD8+ T cells (Figure 2) [56, 57]. In 
contrast, LECs can indirectly induce anergy of autoreactive CD4+ T cells by transferring 
PTAs to DCs (Figure 2) [58]. LECs and FRCs are capable of acquiring PTAs/MHC class II 
complexes from DCs and induce antigen-specific CD4+ T cells tolerance (Figure 2) [59]. 
Overall showing that LECs and/or FRCs have the capacity to directly communicate with 
DCs as a way to dampen the activation of autoreactive CD8+ as well as CD4+ T cells. In 
this way, autoreactive T cells that have escaped negative selection in the thymus can be 
further controlled in the periphery to avoid autoreactivity.

Figure 2. Contribution of lymph node stromal cells in peripheral tolerance. Lymph nodes stromal cells 
(LNSCs) utilize multiple mechanisms to control the development of autoreactive CD4+ and CD8+ T cells in 
periphery. Presentation of peripheral tissue antigen (PTAs) in the context of MHC class I by LNSCs induce de-
letional tolerance to CD8+ T cells via programmed death-ligand 1 (PD-L1)/PD-1 signaling. Exchange of PTA/
MHC class II complex between LNSCs and dendritic cells (DCs) further induce apoptosis or anergy to autore-
active CD4+ T cells. LNSCs convert autoreactive CD4+ T cells into T regulatory (TREG) cells through PTA/MHC 
class II presentation and IL-2 depend manner. These TREG cells can further control autoreactive T follicular 
helper (TFH) cells which are essential for B cells activation and antibody production. IFN-γ and TNF-α release 
by newly activated autoreactive T cells subsequently stimulate stromal cells. Activate stromal cells produce 
nitric oxide which suppress T cells proliferation.
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FRCs and LECs can also express MHC class II molecules themselves. It has been shown 
that ablation of MHC class II on LNSCs specifically result in an increase in the activation 
of CD4+ T cells as well as CD8+ T cells [59, 60]. Importantly, MHC class II expression by 
LNSCs was shown to be crucial in the support of antigen-specific TREG cells [59-61]. Im-
portantly, TREG cells are essential for maintenance of tolerance and homeostasis [62-64].

Studies have clearly shown that PTA presentation by medullary thymic epithelial cells 
(mTEC) in the context of MHC class II induce TREG cells in the thymus [65]. However, 
whether LNSCs can induce antigen-specific TREG cells similar to mTEC in thymus is not 
yet known. In this dissertation we showed that presentation of PTAs in the context of 
MHC class II molecules by LNSCs, together with the assistance of DCs, resulted in the con-
version of naï�ve CD4+ T cells into antigen-specific CD25+FoxP3+ TREG cells (Chapter 3) [9]. 
These TREG cells lacked CXC-chemokine receptor 5 (CXCR5) and PD-1 expression, which 
are classical markers of TFH cells, suggesting that converted TREG cells do not have follicu-
lar regulatory T cell (TFR) properties (Chapter 3) [9]. Moreover, this conversion was anti-
gen-specific and required low levels of CD80 expression as well as co-stimulation signals 
(Chapter 3) [9]. High level of PD-L1 expression by LECs is known to be involved in dele-
tional tolerance of autoreactive T cells [56, 57], however, PD-L1-mediated signaling was 
not required for the generation of antigen-specific TREG cells (Chapter 3) [9]. It has been 
shown that transforming growth factor β (TGF-β) differentiate CD4+CD25- T cells into 
CD4+CD25+ TREG cells expressing FoxP3 [66, 67]. Nevertheless, generation of antigen-spe-
cific TREG cells by LNSCs was independent of TGF-β (Chapter 3) [9], as shown recently 
[68]. Interestingly, blocking the activity of TGF-β1, an isoform of the TGF-β family, in the 
tumor microenvironment reduces TREG suppressive activity despite their numbers [69]. 
Therefore, these data suggest LNSCs do not use TGF-β signaling for TREG cell generation, 
however, TGF-β is required for maintenance of TREG immunosuppressive activity [70, 71], 
and an immense number of other cellular responses [72-75].

We additionally showed that LNSCs can inhibit the formation of antigen-specific TFH 
cells (Figure 2) (Chapter 3) [9]. The suppression of antigen-specific TFH differentiation 
by LNSCs subsequently reduced the formation of germinal center (GC) B cells specific 
for the same antigen (Chapter 3) [9]. Although we did not show a direct role of TFH cells 
suppression by LNSCs and reduction in GC B cells, it is known that TFH are essential for 
GC B cell formation [18, 76]. Therefore, we speculate that the suppression of autoreac-
tive TFH cell by LNSCs resulted in the reduced formation of autoreactive GC B cells. Inter-
estingly, blocking the function of TREG cells using IL-2 neutralizing antibody allowed the 
development of antigen-specific TFH cells (Chapter 3) [9]. This suggested that the 
generation of antigen-specific TREG cells by LNSCs is essential to inhibit the forma-
tion of autoreactive TFH cells and maintenance of peripheral tolerance. Based on the 
recently published RNA-sequencing data that revealed existence of different stromal 
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cells subsets [44-46, 77, 78], it is perhaps the most difficult question to answer which 
stromal cell subset presents PTAs to CD4+ T cells and generate TREG cells in LN. Based on 
our microscopy images converted TREG cells are located at the T-B cell border (Chapter 
3) [9]. At the same location CCL19lo TRCs that are expressing MHC class II molecules 
and costimulatory CD80 are located [78]. Furthermore, CCL19lo LNSCs express all mol-
ecules required to attract immune cells such as DC as well as B and T cells to such regu-
latory hotspots [78]. Next to CCL19lo LNSCs, Cxcl9+ LNSCs are the other potential subset 
that might generate TREG cells as they are located in the T-zone and interfollicular region, 
and are actively expressing MHC class II related genes at steady-state [78]. However, 
the limitation of our study presented in Chapter 2 was the lack of using an endogenous 
PTA to study TREG cell generation by LNSCs in a more physiological condition. To do so, 
one would have to use T cells that express TCRs for an endogenous PTA. In fact, it has 
been shown that the endogenous expression and presentation of Tyrosinase by LECs 
present in the LN medulla, resulted in deletional tolerance of Tyrosinase specific CD8+ 
T cells [56, 79]. On other hand, transgenic mouse models that have murine CD4+ T cells 
expressing TCR specific for Tyrosinase are available and would allow to follow a more 
robust CD4+ response [80]. Moreover, to study this for the presentation of endogenous 
PTA as well as endogenous, non-transgenic T cells in the context of MHC class II one 
could use tetramers that can detect CD4+ T cells to PTAs specific for different peripheral 
tissues, which are available [81]. Although the frequencies of such T cells are relatively 
low, it has been showed that these cells can expand in vitro and subsequently be sorted 
for further experiments [82]. These methods combined would enable us to isolate the 
effects of endogenous PTA expression by LNSCs on CD4+ T cell deletion and TREG cell 
generation in a highly controlled, extremely physiological in vivo or in vitro context.

Overall, we showed that LNSCs can further control the activation of autoreactive CD4+ 

T cells by converting them into antigen-specific TREG cells. These TREG cells can control 
formation of TFH cells that can help B cells to produce autoantibodies.

Lymph node location and microenvironment determine specificity 
of tolerance

In the thymus, mTEC promiscuously express several different PTAs resulting in deletion 
of autoreactive T cells during negative selection, a process known as central tolerance 
[83]. LNSCs can also express various PTAs under steady-state conditions and present 
these in MHC class I as well as MHC class II, thereby controlling autoreactive CD8+ and 
CD4+ T cells [84]. In this thesis we described various conditions that can affect MHC 
class II and PTA expression by LNSCs (Chapter 4). We showed that MHC class II and PTA 
expression by LNSCs is low postnatally and increases with age. The expression of some 
PTAs in LNSCs were undetected in newborn mice, however, 2 week old mice showed 
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low expression of PTAs in which the expression increases upon ageing (Chapter 4). In 
line with these results, recent single-cell sequencing of mTEC did identify expression of 
different PTAs in mTEC isolated from 2 week old mice [85]. It has not been demonstrat-
ed if mTEC express PTAs in newborn mice. However, few TREG cells were detected in the 
thymus 2 days after birth and a substantial population was evident only at day 4 and 
gradually increased upon aging [86, 87]. Since PTA presentation by mTEC induce TREG 
cells during negative selection of central tolerance in the  thymus [88], it is more likely 
that mTEC may already express PTAs after birth. In contrast, our data suggest that the 
tolerance inducing capacity of LNSCs is induced by factors that are only present in the 
postnatal period and only gradually increase during maturation of LNSCs, thus reaching 
their full capacity to present PTA much later than mTECs (Chapter 4). Nevertheless, the 
delay of 2 weeks for the expression of PTAs by LNSCs are not known. However, it has 
been shown that immune cells such as B- and T-cells are well established in LNs at 2 
weeks of age [89, 90], and one could therefore speculate that the interaction of adaptive 
immune cells with LNSCs might play a role in the upregulation of PTAs in LNSC to suf-
ficient levels once the immune cells are established within the LN. However, the exact 
mechanism that regulate PTAs expression by LNSCs needs further investigation.

LNSCs were shown to be more tolerogenic when compared to stromal cells isolated 
from peripheral tissues such as diaphragm and colon [56]. This indicates that LNs are 
unique in their capacity to control immune tolerance depending on their location. We 
additionally showed that expression of skin-associated PTAs are expressed at signifi-
cantly lower levels in mesenteric LNs (mLNs) and are unable to generate TREG cells when 
compared to LNSCs in peripheral LNs (pLNs) (Chapter 4). These observations imply 
that skin-derived factors might control the expression of the skin associated PTAs and 
PTA-specific TREG cell in skin-draining LNSCs (Chapter 4). Our data contradict pub-
lished data showing that the expression level of a skin-associated PTA, tyrosinase, is 
similar in LEC mLNs and LEC pLNs [91], as in our hand tyrosinase expression by LEC 
was undetected in mLNs. The reasons for this difference are not clear, but could lie in 
either differences in isolation of the stromal cells or in differences in the health sta-
tus or microbiome composition of the mice used in the different studies. Clearly, these 
findings raise interesting questions that need to be addressed in a more sophisticated 
manner to understand this complex mechanism of location-dependent PTA expression 
and tolerance induction.

We showed in Chapter 3 that LNSCs can induce antigen-specific TREG cells under steady-
state condition, however, it is unclear how LNSCs adapt functionality during microbial 
exposure. In Chapter 4 we demonstrated that LNSCs upregulate MHC class II expression 
upon lipopolysaccharide (LPS) exposure, as shown before [27, 92]. Despite upregulation
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of MHC class II, LNSCs downregulate skin-associated PTAs, Mlana and tyrosinase, after 
LPS treatment. The reduction in PTA expression by LNSCs consequently impaired the 
induction of antigen-specific TREG cells by LNSCs both in vitro and in vivo (Chapter 4). 
Interestingly, consistent with our data, it has been shown that in vitro poly I:C-treated 
FRCs reduced the expression PTAs and subsequently were less capable of activating 
CD8+ T cells [84]. In another study, LNSCs negatively regulate antigen-specific CD4+ T 
cell responses upon viral infection [92]. Our data together with the existing data suggest 
that the tolerogenic capacity of LNSCs is impaired upon microbial or viral encounters. 
This is very important since bacteria, viruses, and other infectious pathogens are the 
major postulated environmental triggers that can initiate or exacerbate autoimmunity 
[93]. It may thus be that LNSCs lose their immunosuppressive capacity upon pathogen 
invasion, and thereby contribute to the initiation of autoimmunity. Altogether, LNSCs, in 
particular LECs and FRCs, utilize different mechanisms to induce T cell tolerance, while 
the LN microenvironment additionally controls the specificity of the induced tolerance.

Lymph node stromal cells in rheumatoid arthritis: do they contrib-
ute to disease?

RA is a chronic and inflammatory autoimmune disease that primarily affects the synovi-
al joints [94]. Synovial joints are most studied in RA, however, a variety of immunological 
events occur outside of the joint already years before the onset of the disease [95, 96]. 
One of the early events in RA is the production of autoantibodies to immunoglobulin G 
(IgG: rheumatoid factor (RF)) and to citrullinated proteins (anti-citrullinated protein 
antibodies (ACPAs)) [95-97]. The combination of environmental (such as smoking) and 
genetic factors, together with infection are believed to ultimately result in  production 
of these autoantibodies (Figure 3) [95, 98]. Detection of these autoantibodies enables 
the identification of individuals at risk of developing RA [97]. The induction of effective 
humoral immune responses and generation of (auto)antibodies requires a close inter-
action between B cells and TFH cells in B cell follicles of the LNs [18, 76, 99]. It has been 
reported that high frequencies of activated TFH and B cells can be found within periph-
eral blood of newly diagnosed RA patients [100, 101]. Moreover, even in joint tissues 
from patients with RA, a unique population of CD4+ T cells known as peripheral helper 
T (TPH) cells that express factors enabling B cell help, similar to TFH cells in the LNs, have 
been discovered [102]. High frequencies of activated TFH and TPH cells in the blood and 
joint, respectively, suggest that there are already changes in LN of RA patients, since LNs 
are the place where adaptive immune cells are activated and subsequently differentiate. 
Indeed, core-needle biopsies of inguinal LNs of individuals at risk of developing RA (RA-
risk) showed alterations in B cell, T cell and innate lymphoid cell (ILC) subsets in com-
parison to healthy controls [103-106]. These observations suggest that CD4+ helper T 
cells, in particular TFH cells, might be the central mediators of RA pathology by steering 
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selective expansion of high-affinity autoreactive B cells in GC, therefore making LNs 
potential induction sites for RA.

As discussed, mouse studies have shown that LNSCs are critical for efficient B-T cell 
interactions, as stromal cells regulate their coordinated migration and survival [107] 
and are instrumental in inducing antigen-specific peripheral tolerance (Figure 2) [9, 60, 
61]. Considering TREG cell function in humans, early studies of most autoimmune dis-
ease such as RA, type 1 diabetes, systemic lupus erythematosus and multiple sclerosis 
show a defect in either the function or number of TREG cells obtained from the peripheral 
blood (for a comprehensive review see [108]). As we have shown in Chapter 3 that 
LNSCs cells are capable of inducing antigen-specific TREG cells, we speculate that LNSCs 
of patients with autoimmune disease might display an impaired functionality to induce 
peripheral tolerance and TREG cell generation. As a result of lacking the control mediated 
by TREG cells, autoreactive of TFH can become activated, which can subsequently provide 
help to B cells that will produce autoantibodies.

Interestingly, in Chapter 4, we demonstrated that the level of skin-associated PTAs in 
mice LNSCs are downregulated by inflammatory stimuli and therefore the generation 
of antigen-specific TREG cells is hampered, suggesting an altered tolerogenic capacity 
of LNSCs upon microbial exposure. This is of relevance for RA patients as infectious 
agents have been suggested to be involved in development of RA and other autoimmune 
diseases [93, 95]. Most of the knowledge concerning the role of LNSC in controlling 
autoreactive T cells comes from animal models [6, 109]. We therefore aimed to develop 
an experimental model using needle biopsy of human LNs to allow research on LNSCs 
during health, RA-risk and RA and to lay the foundation for further research on these 
immunoregulatory cells (Chapter 5) [12]. However, this approach has several limita-
tions. Firstly, the small size of the obtained biopsy does not yield sufficient number of 
stromal cells for functional analyses. Secondly, long-term culture of human LNSCs is 
necessary as they grow slowly and are few in numbers. This will likely affect their mor-
phology and gene expression profile. Indeed it has been demonstrated that cultured 
LNSCs have alteration in their gene signature when compared to freshly isolated ones 
[110-112]. However, in contrast to other studies, it has been shown that human expand-
ed FRCs maintain their key features upon long-term culturing [113-115]. Therefore, 
this observation supports the notion that our expanded LNSCs, FRCs and DNs, provide 
a useful tool to study human LNSCs. Finally, in our culture model, BECs and LECs were 
not present based on the expression of CD31 which is a typical marker for endothelial 
cells. It is possible that human endothelial cells downregulate this protein in culture 
and therefore other endothelial markers such as lymphatic vessel endothelial hyaluro-
nan receptor 1(Lyve-1), intercellular adhesion molecule 1 (Icam-1), prospero homeo-
box protein 1(Prox-1) and CD34 could be used in the future to address whether (lymph) 
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endothelial cells are present after long term culturing of LNSCs. Moreover, it’s also likely 
that our culture medium is more optimized to maintain DNs and FRCs rather than en-
dothelial cells. This is important since most of the cells in our experimental model are 
of DNs or FRCs origin [114, 115]. Therefore considering the right culture condition to 
maintain different subsets of human LNSCs is necessary. 

The improper increase and activation of leukocytes in the joints is a key feature of RA 
[116]. It’s becoming clear that stromal cells such as synovial fibroblasts have a cen-
tral role in recruitment of leucocytes to the inflamed joint [114, 116-119]. Additionally, 
we previously showed early signs of alternation in the phenotype of LNSCs obtained 
from RA-risk individuals [10]. We furthermore investigated in Chapter 5 the function 
of stromal cells from LNs of pre-clinical arthritis patients. Using an allogeneic co-cul-
ture system, we showed partial inhibition of T cell proliferation [12]. This suppression 
was not NO dependent when compared to strong suppression of T cell proliferation 
though NO production seen in murine FRCs [51-53]. However, this suppression was 
ratio dependent and in the condition with low number of LNSCs, T cells proliferation 
was actually enhanced (Chapter 5) [12]. Our observation by human LNSCs is in line 
with suppressive capacity of bone marrow mesenchymal stromal cells (MSC) on T cell 
proliferation in which relatively low numbers of MSCs support T cell proliferation [120, 
121]. However, the disadvantage of using this allogeneic co-culture system is the mis-
match of TRC-MHC interaction that probably decrease cell-cell contact and might induc-
es an allogeneic response, leading to T cell proliferation  [122]. Using T cells and stromal 
cells obtained from the same individual will avoid such allogeneic responses. However, 
autologous co-culture systems, in which T cell are engineered to express TCR specific 
for a PTA expressed by LNSCs, will help us to study the role of human LNSCs in antigen 
presentation and control of autoreactive T cells in a proper way.

As discussed earlier, autoantibodies to citrullinated proteins are thought to be a key 
factor of RA disease pathogenesis. Citrullination is post-translational conversion of ar-
ginine to citrulline residues by peptidylarginine deiminase enzymes (PADs), thereby 
altering structure and charge of a range of proteins [95, 98]. Different classes of PADI 
enzymes (PADI2 and PADI4) have been detected in a wide range of inflammatory tis-
sues including RA synovial tissue [123, 124].We detected the presence of PADI enzymes 
required for citrullination as well as citrullinated proteins, targeted by ACPAs isolated 
from RA patients, in lymphoid tissue and cultured LNSCs from healthy individuals, RA-
risk individuals and RA patients (Chapter 6) [11]. Additionally, we showed that human 
LNSCs express several tissue-restricted PTAs (Chapter 6), similar to LNSCs in mice [84]. 
However, as we did not quantify the expression of PADI enzymes by LNSCs, it is difficult 
to indicate any differences in the expression of PADI enzymes in patient groups (Chap-
ter 6) [11]. Nevertheless, we reported that both cultured and freshly isolated healthy 
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human LNSCs express human leukocyte antigen-DR isotype (HLA-DR) molecules and 
low levels co-stimulatory molecules when compared to DCs (Chapter 6) [11]. Our data 
suggest that human LNSCs have the machinery to interact and influence lymphocytes by 
presenting tissue-restricted PTAs and potentially also citrullinated proteins in the con-
text of HLA-DR molecules to regulate peripheral tolerance. Nevertheless, we can specu-
late that, under inflammatory condition, LNSCs might lose their ability to present PTAs 
to CD4+ T cells in order to generate PTA-specific TREG cells that can control the formation 
of autoreactive CD4+ T cells (Figure 3). In line of this hypothesis, we have shown that the 
expression of some PTAs and costimulatory molecules are altered in LNSCs obtained 
from RA patients (Chapter 6) [11]. However, whether human LNSCs have the capacity 
to convert naï�ve CD4+ T cells into TREG cells, similar as to what we have shown using our 
transgenic mouse model, has not been addressed and will need further investigation.

Figure 3. Major mechanisms involved in initiation and development rheumatoid arthritis. In particular, 
three locations (lungs, oral mucosa and lymph nodes) have been proposed as locations where rheumatoid ar-
thritis (RA) could initiate and tolerance induction might first be broken. Several risk factors are identified to be 
involved in the pathophysiological mechanism of RA including genetic factors and several environmental factors 
(smoking, infectious agents, obesity and change in microbiota). These risk factors may contribute to post-trans-
lational modification (i.e. citrullination) of self-protein and formation of neo-antigens in lung or oral mucosa. 
These neo-antigens can be transported by dendritic cells (DCs) to lymph nodes in order to activated the T helper 
cells which can further help B cells to produce autoantibodies. In the LN, stromal cells might lose their capacity 
to induce T regulatory (TREG) cells specific for a self-antigen. This leads to increase in autoreactive T and B cells 
and production of autoantibodies. Finally, synovial fibroblast contribute in recruitment of other immune cells 
which results in inflammation in the joint and subsequently cartilage destruction and bone erosion.
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Overall, we showed that human LNSCs are equipped to present PTAs in context of MHC 
class II to CD4+ T cells and control autoreactive T cells.

Lymph node stromal cells and tumor immune responses

We have shown in mouse studies that MHC class II expression on LNSCs induce anti-
gen-specific TREG cells, which prevent the generation of autoreactive CD4+ T cells (Chap-
ter 3) [9]. This is relevant for anti-tumor immunity as several lines of research have 
shown that CD4+ T cell help is necessary for activating antigen-specific effector CD8+ T 
cells for adequate responses [17, 125]. The concept of cancer immunotherapy is to pro-
mote an endogenous anti-tumor immune response in which CD8+ cytotoxic T lympho-
cytes (CTLs) are utilized to recognize and eliminate cancer cells [126, 127]. Blockade 
of immune checkpoints (e.g., PDL-1 and cytotoxic T lymphocyte-associated antigen-4 
(CTLA-4)) has been used to overcome immune tolerance in cancer patients with re-
markable clinical success [128-130]. Yet, from the first generation checkpoint inhibi-
tors we know that these drugs have their limitations, as they only work in a minority 
of the patients [128-130]. Therefore, second-generation inhibitors against alternative 
immune checkpoints to further manipulate the adaptive anti-tumor immune response 
are now being developed [131, 132]. 

For adequate anti-tumor responses, a proper functioning adaptive immune system is 
mandatory. LNs are recognized as the place where these adaptive immune responses 
are initiated. With the knowledge that TREG cells specific for PTAs are generated within 
LNs (Chapter 3) [9], it is reasonable to speculate that these antigen-specific TREG cells 
prevent CD4+ T cell help to tumor specific CD8+ T cells. This notion has clear implica-
tions for antitumor immunity, as various PTAs expressed by human and mouse LNSCs 
have been identified as tumor antigens (Chapter 6) [11, 84, 91, 133]. In addition, we 
and others have shown that the absence of MHC class II expression on LNSCs resulted 
in CD8+ T cells activation [60, 61]. Therefore, the induction of antigen-specific TREG cells 
in LNs, which will prevent CD4+ T cell help, may contribute to the generation of helpless 
CD8+ T cells, which are not sufficiently activated to mount adequate anti-tumor respons-
es. Moreover, the generated antigen-specific TREG cells can also directly interfere with 
CD8+ T cell priming and antitumor effector functions [134-136].

TREG cells have been shown to be key contributors to the development of immune toler-
ance by inducing tolerance to tumor-associated antigens and suppression of anti-tumor 
immunity [137]. Many investigators have found an increase in the TREG population in 
different cancers, such as pancreatic carcinoma, gastric carcinoma, colorectal cancer, 
pancreatic carcinoma, breast carcinoma, colorectal cancer, lung cancer [138-144]. Re-
cently, we observed an elevated frequency of TREG cells in the tumor draining-LNs (td-
LNs) in different tumor models when compared to LNs from control mice (Figure 4A). 
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Additionally, high frequency of TREG cells appeared to be systemic, as also within LNs 
that were not draining the tumor, TREG cells were elevated (Figure 4B). We have also 
examined the frequency of TREG cells in td-LNs of the mice bearing an spontaneous 
breast cancer model (KEP) and observed that in this model the percentage of TREG cells 
were also elevated (Figure 4C), which correlated with an increase in MHC class II ex-
pressing LNSC when compared to WT mice that lacked tumors (Figure 4D). Therefore, 

7

Figure 4. Elevated levels of TREG cells and MHC class II expressing stromal cells in tumor draining LNs. (A 
and B) Tumor draining lymph nodes (td-LNs) and non-tumor draining lymph nodes (nd-LNs) from different tu-
mor models (B16 melanoma s.c. injected; MC38 colon carcinoma, s.c. injected; Panco2 and KPC, pancreas cancer 
and injected in pancreas) were isolated, digested and stained for TREG cells. (C and D) Tumor dLN from a sponta-
neous breast cancer model (KEP mice) were isolated at time of tumor development. Age- and sex-matched WT 
control were collected as well. Representative density plots are shown. (C) The numbers in the plots represent 
the frequency of the TREG cells within the quadrants of the live CD8-CD19-CD4+ T cell population. Bar graphs rep-
resent the mean frequency of CD25+Foxp3+ TREG cells. (D) The numbers in the plots represent the frequency of 
CD11c-MHC-II+ antigen presenting stromal cells within the quadrants of the live CD45-Ter-119- cell population. 
Bar graphs represent the mean frequency of CD11c-MHC-II+ antigen presenting stromal cells. The data in (A) 
and (B) represent the mean ±SEM; n=3 to 4 mice per group and analyzed by ordinary one-way ANOVA followed 
by Turkey’s multiple comparison test. **P < 0.01, ***P < 0.001, ****P < 0.0001. The data in (C) and (D) represent 
the mean SEM; n=3 to 5 mice per group and analyzed by unpaired Student’s t-test. **P < 0.01, ns= not significant.

Discussion



188

Chapter Seven

the increase MHC class II on LNSCs would imply that in td-LNs the capacity to induce 
TREG cells is increased, allowing an even more productive suppression of the adaptive 
immune responses against (self) tumor-antigens. However, we have not addressed yet 
what the level of PTA expression is in LNSCs from tumor bearing mouse and this would 
in the end be the determining factor for their capacity to induce and maintain TREG cells 
that are directed against tumor antigens. 

Of note, recent clinical studies have clearly reported elevated levels of TREG cells in LNs 
draining melanoma, breast, and cervical tumors [145]. In all three tumor types TREG rates 
increased upon tumor invasion into the LN [145]. Moreover, local anti-CTLA4 (tremelim-
umab) injection at the primary tumor excision site, prior to sentinel LN biopsy, showed 
decreases in activated TREG levels and increases in tumor antigen-specific T cell respons-
es in peripheral blood of patients with early-stage melanoma after treatment (data not 
shown, lab of Tanja de Gruijl). As the ligands of CTLA-4 (CD80 and CD86) are expressed 
on LNSCs, we hypothesize that LNSCs may play an active role in maintaining systemic 
frequencies of self-specific TREG cells. A possible role that CTLA-4 blockade interferes 
in this process, is further supported by published observations from a clinical trial in 
which patients with hormone-resistant prostate cancer were treated with an allogeneic 
cell line-based vaccine (GVAX) combined with anti-CTLA4/ipilimumab [146]. In this tri-
al high pre-treatment levels of CTLA4+ TH cells and reduced post-treatment levels of TREG 
cells were significantly related to clinical benefit from this combined immunotherapy 
[146]. Of note, this would be consistent with a possible block of CTLA4-mediated TH-
to-TREG conversion. Therefore, LNSCs within tumor draining LN might actively suppress 
the anti-tumor responses via the conversion of naï�ve CD4+ T cells into TREG cells that are 
specific for tumor antigens. Understanding the function of LNSCs that are able to sup-
press an anti-tumor response will subsequently allow the design of immunotherapeutic 
strategies in which the function of antigen presenting LNSCs are blocked as LNs can 
easily be reached by local injection of tumor sites. Furthermore, the determination of 
the repertoire of self-antigens expressed in human LNSC will allow identification of ad-
ditional tumor associated self-antigens that may be targeted by vaccination strategies 
and allow for more tumor-specific TREG monitoring. 

Future perspectives and open questions

In recent years, LNSCs, despite being a minor fraction of cells within the LN, have 
been identified to affect all aspects of immunity. LNSCs coordinate adaptive immune 
responses by recruitment and positioning of lymphocytes. Additionally, new findings 
show that LNSCs are major contributors to peripheral tolerance while enabling opti-
mal antigen-specific immune responses. This dissertation has explored and identified 
another unique function of LNSCs, one in which LNSCs generate antigen-specific TREG 
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cells specific for PTA in an IL-2 dependent manner [9]. This newly discovered function 
of LNSCs is important since decrease in number or defect in function of TREG cells has 
been associated in the pathogenesis of various autoimmune diseases [64, 147]. Impor-
tantly, administration of low-dose IL-2 to patients can selectively enhance TREG cell func-
tion while avoiding the activation of effector T cells, therefore resulting in significant 
clinical benefit [147, 148]. The impaired functionality of human LNSCs obtained from 
RA patients is relevant since therapeutic interference to reduce the production of au-
toantibodies might be real treatment options for RA patients and perhaps even other 
autoimmune diseases. Thus, we anticipate that our findings will provide opportunities 
for new drug targets as well as a rationale for repurposing existing drugs, developed at 
targeting key immunological pathways in other autoimmune diseases or in other stages 
of RA, for RA-risk individuals with as ultimate goal disease prevention. However, many 
open questions remained (Box one). Ultimately, our murine and human data provide 
an opportunity to, perhaps in a not too far future, manipulate stromal cell function to 
combat infectious disease as well as cancer.

7

Discussion

Box 1: Open questions

• Many subsets of both mesenchymal and endothelial cells have been descripted but 
not functionally studied.
• Antigen presentation can be the result of autophagy, modulation of autophagy by 
LNSCs and its effect on T cells and TREG generation need further study.
• LNSCs generate antigen-specific TREG cells through MHC class II molecule. Regula-
tion of antigen presenting capacity and PTA expression needs to be addressed
• Murine LNSCs can generate antigen-specific TREG cells, however, generation of 
TREG  by human LNSCs or using an endogenous PTA mouse model at stead-state or 
under inflammation have not yet been tested.
• LNSC are impaired in RA patients, nevertheless, the LNSCs impacting the development 
of T-cell mediated B-cell responses in the earliest phases of RA are not well explored. 
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ENGLISH SUMMARY

A hallmark of the immune system is its ability to efficiently respond to a wide range of 
foreign antigens without provoking an inappropriate response to self-antigens (body’s 
own antigens). To achieve this, strategically positioned lymph nodes (LNs) provide the 
infrastructure for efficient immune cell surveillance and when necessary, for robust 
immune responses to foreign antigens. LNs have several important functions including 
filters for antigens, recruitment of antigen-presenting cells (APCs) and naï�ve 
lymphocytes, initiation of adaptive immune responses against foreign antigens 
and suppression of immune response against self-antigens. To manage these vari-
ous  activities within a LN, an additional layer of organization is required, which is 
achieved by non-hematopoietic lymph node stromal cells (LNSCs). LNSCs play a key role 
in migration and survival of lymphocytes, and suppression of self-reactive immune 
cells. Moreover, LNSCs organize the LN into functional niches that allow the separa-
tion of adaptive immune cells (T- and B-lymphocytes). These compartments facilitate 
the interaction of rare antigen-specific lymphocytes with their cognate antigen, 
resulting in an appropriate and fast adaptive immune response to foreign antigens.

Upon entry of infectious agents (viruses, bacteria etc.) into the body, dendritic cells 
(DCs) will capture these infectious agents at the site of infection and transport them to 
the nearest LN to initiate an adaptive immune response against these foreign antigens. 
However, DCs located in the skin need to first traverse and degrade a collagen-rich lay-
er in the dermis to reach the lymphatics vessels. We showed in chapter 2  that mice 
with altered collagen fibrillogenesis, resulting in thicker collagen fibers in the dermis, 
displayed a reduced DC migration from the skin towards the LNs. Consequently, the 
qualitative outcome of the adaptive immune response was significantly impaired 
in mice with altered collagen fibrillogenesis. We provided novel evidence, using a 
mouse model, that altered collagen fibrillogenesis has severe consequences for the 
initiation of an efficient adaptive immune response triggered in the skin.

However, DCs are also capable of carrying self-antigens to LNs. Activation of immune cells 
against self-antigens is dangerous as this may initiate autoimmunity. Therefore, strategic 
positioning of LNs is also required to suppress the activation of T cells (CD8+ and 
CD4+ T cells) that might be interacting with DCs carrying self-antigens. Here, LNSCs have 
been shown to control the activation of self-reactive CD8+ and CD4+ T cells by presenting 
self-antigens via major histocompatibility complex (MHC) class I and class II molecules 
respectively. Interestingly, it has been shown that the lack of MHC class II molecules on 
LNSCs results in the reduction of T regulatory (TREG) cells. This is very important since 
TREG cells are a subpopulation of T cells that control the immune system, by suppressing 
the immune response to self-antigens, and avoid autoimmune disease. Here in this thesis 
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in chapter 3, we provided additional novel mechanisms by which self-antigen presen-
tation by murine LNSCs resulted in the conversion of self-reactive CD4+ T cells into TREG 
cells, thereby safeguarding the immune homeostasis by limiting immune reactivity. More-
over in chapter 4, we showed that LNSCs that drain different organs are functionally dis-
tinct. We demonstrated in chapter 4 that skin-associated self-antigens are restricted to 
stromal cells in skin-draining LNs while gut-draining LNs lack the expression of such 
self-antigens. Consequently, conversion of self-reactive CD4+ T cells into TREG cells was 
restricted to skin-draining LNs. Furthermore, we showed that the regulatory function 
of LNSCs is hampered upon activation of LNSCs, as conversion of CD4+ T cells into TREG 
cells was completely diminished upon Lipopolysaccharide (LPS) stimulation of LNSC. 
This is very important since infectious agents are the major postulated environmental 
triggers that can initiate or exacerbate autoimmunity. It may thus be that LNSCs lose 
their immunosuppressive capacity upon pathogen invasion, and thereby contribute to 
the initiation of autoimmunity.

Nevertheless, the key problem in various autoimmune diseases such as Rheumatoid 
Arthritis (RA) is the production of autoantibodies by B cells years before the onset of 
disease. B cell growth, differentiation and survival is coordinated by a specialized sub-
set of T helper cells known as T follicular helper (TFH) cells. Upon TFH-B cells inter-
action, TFH and B cells migrate to the center of the B cell area and form a distinct 
substructure called germinal center (GC). TFH cells are speculated to be the central play-
ers in the pathogenesis of autoimmune diseases by steering selective expansion of 
high-affinity self-reactive B cells. Using LN transplantations, we showed in chapter 
3 that expression of a defined self-antigen (i.e. Ovalbumin, Ova) by LNSCs restricts 
the expansion of self-reactive TFH cells. As a consequence of the control over TFH cells, 
the presentation of Ova as a self-antigen by LNSCs also restricted the development of 
self-reactive B cells against Ova within transplanted LNs. Overall, we showed that LNSCs 
can further control the activation of immune cells by generating TREG cells and suppress 
the activation of autoreactive TFH cells and B cells.

Mouse data has shown the importance of LNSCs in suppressing the activation of self-reactive T 
cells, while such studies for human LNSCs and their potential role in autoimmunity such as RA 
are lacking. To ultimately cure or prevent this destructive disease it is essential to understand the 
earliest changes in the immune system. Therefore, we started to collect and study unique human 
LN biopsies obtained during the preclinical and earliest phases of RA and study the regulatory 
function of LNSCs in these patients. Our characterization of human LNSCs, described in 
chapter 5, showed an effect of human LNSCs on T cell proliferation which was ratio-dependent 
and altered in LNSCs obtained from RA patients. This suggests that the immunoregulatory func-
tions of stromal cells in the LNs of (pre-clinical) RA patients are altered and that LNSCs from 
(pre-clinical) RA patients may create a microenvironment that contribute to the early activation 
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Figure 1. The hypothetical immuneregulatory function of lymph node stromal cells (LNSCs) in induc-
ing or reducing regulatory T (TREG) cells. Increased expression of self-antigens and MHC class II by LNSCs 
might result in the induction of TREG cells against self-antigens therefore forming a suppressive microenvi-
ronment within the LNs. Decreased expression of self-antigens and MHC class II might reduce TREG cells and 
increase the activation of self-reactive T cells against self-antigens.

of self-reactive T- and B-cells within LNs at the initiation phase of the disease. Moreover, our re-
sults presented in chapter 6 showed that human LNSCs, similar to mouse LNSCs, possess 
antigen presentation machineries and express various self-antigens, therefore they have 
the ability to present self-antigens in the context of MHC class I or II to T cells.

The capacity of LNSCs to control self-reactive T cells may also be used to manipulate the 
antitumor response, as interfering with this function of LNs could allow a productive 
adaptive immune response to tumor antigens, which are often self-antigens. In chapter 
7 we show that we indeed observed an elevated frequency of TREG cells in the tumor 
draining-LNs in different tumor models, which correlated with an increase in MHC class 
II expressing LNSC when compared to WT mice that lacked tumors. Therefore, we can 
speculate that alterations in the frequency of antigen presenting LNSCs may alter the 
TREG cell frequencies, resulting in either a more productive suppression or activation of 
the adaptive immune responses against self-antigens, depending on the changes in 
LNSCs (Figure 1). 

Overall, this hypothesis will require future studies, using mouse and human experi-
mental models, to decipher the mechanism by which LNSCs control T cell mediated B 
cell responses. This may ultimately lead to the identification of innovative targets for 
immunomodulation and treatment of RA.
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NEDERLANDSE SAMENVATTING

Een kenmerk van het immuunsysteem is het vermogen om efficiënt te reageren op een 
breed scala aan lichaamsvreemde antigenen zonder een ongepaste reactie uit te lokken 
op lichaamseigen antigenen. Om dit te bereiken bieden strategisch geplaatste lymfeklieren 
in het lichaam de infrastructuur voor een efficiënte bewaking van immuun cellen en, 
indien nodig, voor een robuuste immuun reactie op lichaamsvreemde antigenen. 
Lymfeklieren hebben verschillende belangrijke functies, waaronder het filteren van 
antigenen uit de lymfe, aantrekken van antigeen presenterende cellen en naï�eve lymfocyten, 
het starten van adaptieve immuun reacties tegen lichaamsvreemde antigenen en 
onderdrukking van immuun reacties tegen lichaamseigen antigenen. Deze verschillende 
activiteiten in een lymfeklier worden uitgevoerd door stromale cellen die geen onderdeel 
zijn van het immuun systeem . Deze stromale cellen spelen een sleutelrol bij de 
migratie en overleving van lymfocyten en het in bedwang houden van lymfocyten 
die het eigen lichaam kunnen aanvallen. Bovendien organiseren stromale cellen de 
lymfeklier in functionele compartimenten die de scheiding van de verschillende 
adaptieve immuun cellen (T- en B-lymfocyten) mogelijk maakt. Deze indeling in 
functionele compartimenten maakt de interactie tussen zeldzame antigeen-specifieke 
lymfocyten met hun verwante antigeen mogelijk. Dit resulteert in een snelle adaptieve 
immuun reactie op lichaamsvreemde antigenen.

Bij het binnendringen van ziekteverwekkers (virussen, bacteriën, etc.) in het lichaam 
zullen dendritische cellen (DC’s) deze ziekteverwekkers op de plaats van infectie 
vangen en ze naar de dichtstbijzijnde lymfeklier vervoeren. Hier wordt vervolgens 
een adaptieve immuun reactie tegen deze ziekteverwekkers gestart. DC’s in de 
huid moeten echter eerst een collageenrijke laag in de dermis doorkruisen en afbreken 
om de lymfevaten te bereiken. In hoofdstuk 2 laten we zien dat muizen met verand-
erde collageen fibrillogenese dikkere collageenvezels in de dermis bevatten en hierdoor 
een verminderde DC migratie van de huid naar de lymfeklieren vertoonden. Daarnaast 
was ook de kwaliteit van de adaptieve immuun reactie significant verminderd bij 
deze muizen met veranderde collageen fibrillogenese. Met behulp van dit muismod-
el is nieuw bewijs aangeleverd dat veranderde collageen fibrillogenese, en daarmee 
dikkere collageenvezels in de dermis, nadelige gevolgen heeft voor het initiëren van een 
efficiënte adaptieve immuun reactie in de huid. 

DC’s zijn echter ook in staat om lichaamseigen antigenen naar lymfeklieren te vervoeren. 
Activering van immuun cellen tegen lichaamseigen antigenen is gevaarlijk aangezien 
het tot auto-immuniteit kan leiden. De strategische positionering van de lymfeklieren is 
daarom ook vereist om de activering van T-cellen (CD8+ en CD4+ T-cellen), die 
lichaamseigen antigenen herkenne, te onderdrukken. In hoofdstuk 3 laten we zien dat 
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stromale cellen de activering van zelf-reactieve CD8+ en CD4+ T-cellen reguleren door 
lichaamseigen antigenen te presenteren via major histocompatibility complex (MHC) 
klasse I en klasse II moleculen. Daarnaast is aangetoond dat het ontbreken van MHC klasse 
II-moleculen op stromale cellen resulteert in een vermindering van T-regulerende (TREG) 
cellen. TREG-cellen vormen een subpopulatie van T-cellen die het immuunsysteem reguleren 
door de immuun reacties op lichaamseigen antigenen te onderdrukken en voorkomen 
daarmee het ontstaan van auto-immuunziekten. Inductie van TREG-cellen door stromale 
cellen is daarom van groot belang. In hoofdstuk 3 beschrijven we nieuwe mechanismen 
waarmee de presentatie van lichaamseigen antigenen door stromale cellen in muizen 
resulteerde in de omvorming van zelf-reactieve CD4+ T-cellen naar TREG-cellen. Hierdoor 
werd de adaptieve immuun reactie tegen het lichaamseigen antigen beperkt. Verder 
laten we in hoofdstuk 4  zien dat stromale cellen in verschillende organen functioneel 
verschillend zijn. In dit hoofdstuk beschrijven we dat de presentatie van huidantigenen 
alleen gebeurde door de stromale cellen van huid drainerende lymfekleiren, terwijl de 
stromale cellen in darm drainerende lymfeklieren deze huid-geassocieerde antigenen 
niet tot expressie brachten. Dit heeft tot gevolg dat de omzetting van zelf-reactieve CD4+ 
T-cellen in TREG-cellen tegen huid-geassocieerde antigenen beperkt is tot de lymfeklie-
ren die de huid draineren en niet plaatsvindt in lymfeklieren in andere organen. Daar-
naast laten we zien in hoofdstuk 4 dat de omzetting van CD4+ T-cellen naar TREG-cellen 
door stromale cellen, en daarmee de regulerende functie van stromale cellen, volle-
dig was verdwenen na activatie met lipopolysacharide (LPS), afkomstig van bacteriën.  
Deze kennis is van groot belang aangezien ziekteverwekkers, zoals bacteriën, gezien 
worden als belangrijke  omgevingsfactoren die auto-immuniteit kunnen initiëren 
of verergeren. Het kan dus zijn dat stromale cellen hun immuun cel onderdrukkende 
vermogen verliezen bij de invasie van pathogenen en dat dit vervolgens bijdraagt 
aan het ontstaan van auto-immuniteit.

Desalniettemin is de productie van auto-antilichamen door B-cellen, jaren voordat 
verschillende auto-immuunziekten zoals reumatoï�de artritis (RA) zich openbaren, het 
grootste probleem bij auto-immuniteit.. De toename, differentiatie en overleving van 
B-cellen wordt gecoördineerd door een gespecialiseerde subset van T-helpercellen, 
bekend als T-folliculaire helper (TFH) -cellen. Bij TFH-B-cel interacties migreren TFH- en 
B-cellen naar het midden van het B-celgebied in de lymfeklier en vormen ze een aparte 
substructuur die kiemcentrum wordt genoemd. Er wordt gespeculeerd dat TFH-cellen 
de centrale spelers zijn in de pathogenese van auto-immuunziekten aangezien zij de 
selectieve expansie van zelf-reactieve B-cellen met hoge affiniteit voor lichaamseigen 
antigenen aansturen. Met behulp van lymfeklier transplantaties in muizen hebben we 
aangetoond dat de expressie van een gedefinieerd lichaamseigen antigen, Ovalbumine 
(Ova), door stromale cellen de expansie van zelf-reactieve TFH-cellen remt. Als gevolg 
van deze remming werd ook de inductie van zelf-reactieve B-cellen tegen Ova in de 
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getransplanteerde lymfeklieren geremd. Samenvattend hebben we laten zien dat stromale 
cellen de activering van immuun cellen kunnen regelen door TREG-cellen te genereren 
en de activering van zelf-reactieve TFH-cellen en B-cellen te onderdrukken.

Muisstudies hebben het belang van stromale cellen bij het onderdrukken van zelf-reac-
tieve T-cellen aangetoond, maar dergelijke studies voor humane stromale cellen en hun 
mogelijke rol bij auto-immuunziekten zoals RA ontbreken nogt. Om deze destructieve 
ziekte uiteindelijk te genezen of te voorkomen, is het essentieel om de eerste 
veranderingen in het immuunsysteem te begrijpen. Om de regulerende functie van 
humane stromale cellen te onderzoeken zijn we begonnen met het verzamelen en 
bestuderen van unieke humane lymfeklier biopten die zijn verkregen tijdens de 
preklinische en vroege fasen van RA. In hoofdstuk 5  beschrijven we de  karak-
terisatie van humane stromale cellen laten zien dat stromale cellen een effect hebben 
op T-cel proliferatie en dat dit effect afhankelijk is van de verhouding tussen stromale 
cellen en T-cellen. In RA patiënten is deze verhouding verstoord. Dit suggereert dat de 
immuun regulerende functie van stromale cellen in de lymfeklieren van (preklinische) 
artritispatiënten een micro-omgeving creëert die kan dragen aan de vroege activering 
van zelf-reactieve T- en B-cellen in de initiële fase van de ziekte. Bovendien toonden 
onze resultaten aan dat humane stromale cellen, net als stromale cellen van muizen, 
MHC klasse I of II eiwitten bezitten om verschillende lichaamseigen antigenen tot 
expressie te brengen en deze te kunnen presenteren aan T-cellen.  

Het vermogen van stromale cellen om zelf-reactieve T-cellen te onderdrukken kan ook 
worden gebruikt om immuun reacties tegen tumoren te manipuleren. Aangezien tumor 
antigenen vaak lichaamseigen antigenen zijn, zou het verstoren van de onderdrukkende 
functie van stromale cellen op zelf-reactieve T-cellen een mogelijkheid kunnen bieden tot 
het initiëren van een immuun reactie tegen de tumor. In hoofdstuk  laten we zien dat in ver-
schillende tumormodellen in muizen een verhoogde frequentie van TREG-cellen aanwezig 
zijn  in de lymfeklier die het dichts bij de tumor zit wanneer we dat vergelen met dezelfde 
lymfeklier in muizen die geen tumoren bevatten. Deze verhoogde frequentie correleerde 
met een toename van MHC klasse II expressie op stromale lymfeklier cellen. We kunnen 
daarom speculeren dat veranderingen in de frequentie van antigeen-presenterende 
stromale cellen mogelijk ook de frequentie van TREG-cellen kan veranderen. Dit zou 
resulteren in een effectieve onderdrukking van de adaptieve immuun reactie tegen 
lichaamseigen antigenen (Figuur 1).

Om het mechanisme te ontcijferen waarmee stromale cellen T-cel gemedieerde B-cel 
reacties controleert, zijn toekomstige studies met muismodellen en ook met humaan 
materiaal vereist. Dit kan uiteindelijk leiden tot de identificatie van nieuwe targets voor 
het moduleren van immuun reacties en de behandeling van RA.
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Figuur 1. De hypothetische immuun regulerende functie van stromale lymfeklier cellen door de con-
trole van regulerende T (TREG) -cellen. Verhoging van lichaamseigen antigenen en MHC klasse II expressie 
door stromale cellen kan resulteren in de inductie van TREG-cellen tegen lichaamseigen antigenen en vormt 
daarmee een immuun-onderdrukkende micro-omgeving in de lymfeklieren. Een afname in de expressie van 
lichaamseigen antigenen en MHC klasse II door stromale cellen daarentegen vermindert het aantal TREG-cellen 
en verhoogt daarmee de activering van zelf-reactieve T-cellen tegen lichaamseigen antigenen.
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