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Abstract

Aims/hypothesis—Tolerance induction in lymph nodes can be mediated by both 

haematopoietic cells (e.g. specific dendritic cells subsets) and by non-haematopoietic cells (e.g. 

lymph node stromal cells [LNSCs]) when they present peripheral tissue antigens to autoreactive T 

cells. LNSCs normally regulate T cell trafficking and survival and help to maintain peripheral 

tolerance by exerting immunosuppressive effects. However, whether autoimmunity can be 

associated with defective tolerogenic functions of LNSCs is unknown and studies aimed at 

characterising LNSCs in humans are lacking. We hypothesised that dysregulated T cell responses 

in pancreatic lymph nodes (PLNs) from donors with type 1 diabetes and from NOD mice may be 

associated with altered LNSC function.

Methods—We analysed PLNs from donors with type 1 diabetes and NOD mice for LNSC 

distribution and phenotype using flow cytometry. We assessed the expression of tolerance-related 

genes in different subsets of LNSCs from human donors, as well as in a population of dendritic 

cells enriched in autoimmune regulator (AIRE)+ cells and identified as HLA-DRhigh CD45low.

Results—The relative frequency of different LNSC subsets was altered in both donors with type 

1 diabetes and NOD mice, and both MHC class II and programmed death-ligand 1 (PD-L1) 
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expression were upregulated in human type 1 diabetes. Tolerance-related genes showed similar 

expression profiles between mouse and human LNSCs at steady state but were generally 

upregulated in the context of human type 1 diabetes, while, at the same time, many such genes 

were downregulated in the AIRE-enriched dendritic cell population.

Conclusion/interpretation—Our study shows that LNSCs are substantially altered in type 1 

diabetes, but, surprisingly, they exhibit an enhanced tolerogenic phenotype along with increased 

antigen-presenting potential, which may indicate an attempt to offset dendritic cell-related 

tolerogenic defects in tolerance. Thus, LNSCs could constitute alternative therapeutic targets in 

which to deliver antigens to help re-establish tolerance and prevent or treat type 1 diabetes.

Data availability—All data generated or analysed during this study are included in the published 

article (and its online supplementary files). Biomark gene expression data were deposited on the 

Mendeley repository at https://data.mendeley.com/datasets/d9rdzdmvyf/1. Any other raw datasets 

are available from the corresponding author on reasonable request. No applicable resources were 

generated or analysed during the current study.
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Introduction

Type 1 diabetes results from a breakdown in central and/or peripheral tolerance to specific 

beta cell antigens [1]. Both genetic and environmental factors contribute to defective 

induction or maintenance of immune tolerance by affecting the function of lymphocytes [2, 

3] and antigen-presenting cells (APCs) [4]. Pancreatic lymph nodes (PLNs) drain islets and 

therefore play a central role in the pathogenesis of type 1 diabetes. In NOD mice, 

diabetogenic T cells are stimulated by islet-derived antigens in PLNs but not in other lymph 

nodes [5]. In individuals with type 1 diabetes, evidence for diabetogenic T cell stimulation 

and defective regulatory T cell function has been found in PLNs [3, 6].

Dendritic cells constitute the most studied population of APCs that have the ability to 

acquire self-antigens within tissues or lymph nodes draining those tissues. Therefore, 

essentially all studies that aimed at determining whether defective tolerance is associated 

with alterations in APC function have been focused on dendritic cells and, to some extent, 

macrophages, all of which are professional APCs with known involvement in type 1 diabetes 

[4]. However, a number of non-professional (non-haematopoietic) APCs with the ability to 

mediate immune tolerance have been described [7, 8], and whether these play a role in type 

1 diabetes is unknown. Among them, lymph node stromal cells (LNSCs) are crucial for the 

normal function of the immune system [9] while constituting a tiny fraction of lymph node 

cellularity. Expression of the glycoprotein podoplanin (PDPN) and the adhesion molecule 

CD31 (also known as platelet and endothelial cell adhesion molecule 1 [PECAM-1]) among 

CD45− cells identifies four LNSC populations: PDPN+ CD31− fibroblastic reticular cells 

(FRCs), PDPN+ CD31+ lymphatic endothelial cells (LECs), PDPN− CD31+ blood 

endothelial cells (BECs) and the heterogeneous PDPN CD31 double-negative cells (DNCs). 
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FRCs produce and regulate a specialised reticular network of fibres used by lymphocytes 

and dendritic cells as a scaffold on which to migrate and interact. FRCs also secrete 

chemokines and survival factors that attract and maintain T cells [10, 11]. LECs line 

lymphatic vessels and facilitate the entry of antigen-bearing dendritic cells and soluble 

antigens into lymph nodes, while BECs form blood vessels through which naive 

lymphocytes also gain access to lymph nodes. FRCs and LECs have so far been implicated 

in tolerance induction [12] via the presentation of endogenously expressed tissue-restricted 

antigens (TRAs) in the presence of programmed death-ligand 1 (PD-L1) and/or absence of 

costimulatory molecules [12, 13]. While the role of LNSCs in organising and regulating 

immune responses is now established, these cells have not yet been studied in the context of 

human autoimmune diseases or targeted in immunotherapy. Our knowledge of LNSCs is 

largely based on mouse data, and whether these can be extrapolated to humans remains to be 

determined.

Given the extensive evidence of type 1 diabetes-associated alterations in professional APCs 

[4] and the potential of LNSCs as tolerogenic APCs, we set out to evaluate whether LNSCs 

are also altered in the PLNs of individuals with type 1 diabetes and NOD mice, relative to 

individuals without diabetes and control mice, in order to address their possible contribution 

to loss of tolerance and their putative utility in antigen-specific therapy. To this end, we 

assessed the relative frequency of LNSC subsets and their expression of functional 

molecules related to antigen presentation and tolerance induction using FACS and gene 

expression analysis.

Methods

Mice

Female NOD mice (Jax #001976) and non-obese diabetes-resistant (NOR) mice (Jax 

#002050) were obtained from The Jackson Laboratory (Sacramento, CA, USA and Bar 

Harbor, ME, USA, respectively) and bred in our animal facility under specific pathogen-free 

conditions. Only females were analysed because NOD females have a higher incidence of 

disease relative to males, and we needed to maximise our ability to detect disease-related 

alterations. Two age groups of mice were used: 4–6 weeks (initiation stage) and 12–14 

weeks (advanced prediabetes stage), and were referred to in our study as ‘young’ and ‘old’, 

respectively, not in absolute terms but in relative terms. Most mice in the ‘old’ group (~90%) 

had not yet developed hyperglycaemia at the time of analysis. Animal protocols were 

approved by the Institutional Animal Care and Use Committee at Columbia University.

Donors

PLN tissues were obtained from unidentified deceased organ donors diagnosed with type 1 

diabetes; without diabetes but with type 1 diabetes-associated autoantibodies (AAb+); or 

without diabetes and autoantibody-negative (control donors). All tissues from donors with 

type 1 diabetes (n=16, median age 23 years [range 9–30 years], 44% male) and AAb+ 

donors (n=4, median age 21 years [range 17–23 years], 50% male) were obtained from the 

Network of Pancreatic Organ Donors with Diabetes (nPOD). Control tissues were from non-

diabetic organ donors (n=30, median age 36 years [range 6–73 years], 63% male), and were 
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obtained from nPOD and LiveOnNY (see electronic supplementary material [ESM] Table 1, 

ESM Fig. 1a); we found no significant differences between these two sources in our results. 

There was no randomisation or blinding; samples from donors were accepted as they 

became available and the type of sample was known by the investigator. Unless otherwise 

specified, AAb+ donors were grouped with the type 1 diabetes donors in data analysis on the 

basis that they all had islet AAb (underlying islet autoimmunity). Protocols for the use of 

unidentified human tissues from deceased donors were approved by the Institutional Review 

Board of the Human Research Protection Office at Columbia University.

Stromal cell isolation

PLNs from human donors were trimmed of surrounding fat, cut into small pieces and 

digested for 30 min at 37°C with gentle stirring in DMEM containing collagenase IV (1 

mg/ml; Worthington, Lakewood, NJ, USA), dispase (1 mg/ml; Invitrogen, Darmstadt, 

Germany), DNase I (100 μg/ml; Roche, Basel, Switzerland), CaCl2 (3 mmol/l) and 2% FCS. 

Released cells were filtered, washed twice and resuspended in DMEM with 10% FCS.

Because of the paucity of LNSCs and the small size of mouse PLNs, four to five mice were 

pooled for each replicate. PLNs collected from female NOD and NOR mice were cut into 

small pieces and digested with Liberase (0.5 mg/ml; Roche) for 30 min at 37°C. Stromal 

cells (mouse and human) were enriched after depletion of lymphocytes and contaminating 

erythrocytes using biotinylated anti-CD3, CD19 and CD235a (for human PLNs) and anti-

CD45 and TER-119 (for mouse PLNs) (ESM Table 2) through magnetic bead isolation 

(EasySep Anti-Biotin Kit; StemCell, Vancouver, BC, USA), or MojoSort Streptavidin Kit 

(BioLegend, San Diego, CA, USA).

Stromal cell analysis and sorting

We identified the four LNSC populations among CD45− cells using the aforementioned 

PDPN and CD31 markers, as well as HLA-DRhigh CD45low cells among CD45+ cells. The 

latter were also of interest as: (1) they had been included in previous LNSC studies because 

of their lower expression of CD45 and radioresistance; and (2) they are enriched in 

autoimmune regulator (AIRE)+ dendritic cells [14, 15]. In addition, human cells were 

stained for HLA-DR (MHC-II), HLA-A,B,C (MHC-I) and PD-L1, and mouse cells for I-Ag7 

(MHC-II; detected with the cross-reacting anti-I-Ak antibody), H2-Kd (MHC-I) and PD-L1 

(ESM Table 2). After staining, cells were acquired using a Fortessa cell analyser (BD, 

Franklin Lakes, NJ, USA) and FCS Express 6 (DeNovo Software, Glendale, CA, USA) was 

used for data analysis. Mean fluorescence intensity (MFI) values were normalised in each 

sample against CD45+ MHC-II− cells as control and represent a fold change. If the number 

of cells was sufficient, cell populations were sorted into TRI Reagent LS (Sigma, St Louis, 

MO, USA) using the BD Influx cell sorter and stored at –80°C.

Targeted analysis of gene expression in LNSCs from human PLNs using Biomark

Total RNA was isolated from cells sorted in TRI Reagent LS, using a modified protocol of 

chloroform extraction followed by purification using an RNeasy Micro Kit (Qiagen, Hilden, 

Germany). cDNA was synthesised from 200 ng of total RNA for each sample using iScript 

Reverse Transcription Supermix (Bio-Rad, Hercules, CA, USA). All Delta Gene primers 
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(Fluidigm, South San Francisco, CA, USA) were purchased pre-validated for assay 

performance (ESM Table 3). Samples were pre-amplified using a pool of all primers (minus 

endogenous controls; 50 nmol/l final) and 18 cycles, as per the Biomark protocol. Samples 

(16 in triplicates) were loaded onto Biomark 48×48 IFC chips (Fluidigm) and assayed 

against the 48 Eva Green-based assays (primers at 5 μmol/l final) listed in ESM Table 4. 

Target gene expression was calculated using the comparative method for relative 

quantification after normalisation to expression of the housekeeping HPRT1 gene, the 

expression of which was the most homogeneous across multiple samples compared with 

other housekeeping genes. An insufficient number of sorted cells, poor RNA quality 

(assessed using BioAnalyzer PicoChip; Agilent Technology, Waldbronn, Germany) or failed 

amplification were criteria for sample exclusion in the gene expression analysis. For 

comparison of relative gene expression between human and mouse LNSC subsets (our data 

vs Immunological Genome Project [ImmGen] RNA-Seq data [www.immgen.org]), we 

normalised gene expression to 100% in subsets in which it was most highly expressed in 

each set of data independently. Biomark data were deposited at: https://data.mendeley.com/

datasets/d9rdzdmvyf/1 [16].

Statistical and R analysis

Statistical testing was performed using GraphPad Prism 5.0 (San Diego, CA, USA). Unless 

otherwise indicated, values are expressed as means ± SEM. Principal component analysis 

and t-distributed stochastic neighbour embedding unsupervised clustering plots were 

generated using R 3.5.1 software (R Core Team 2018, Boston, MA, USA) and the Singular 

Analysis Toolset package from Fluidigm (v.3.6.2; www.fluidigm.com/software). Statistical 

significance of differences between the groups were analysed using two-tailed Student’s t 
tests, and the p values are reported in the figures. Additional statistical tests are described in 

the figure legends.

Results

Altered distribution of LNSC subsets in PLNs

Subsets of LNSCs were defined by gating CD45− cells after tissue digestion and cell 

enrichment (Fig. 1a). We assessed the relative frequency of the three most homogeneous 

LNSC subsets (FRCs, LECs and BECs), as DNCs represent a heterogeneous population that 

is variably contaminated by erythrocytes, despite efforts to remove them. This may confound 

frequency results without affecting gene expression results. PLNs from donors with type 1 

diabetes had relatively fewer FRCs and more BECs compared with PLNs from control 

donors (Fig. 1b). These altered proportions came predominantly from female donors (Fig. 

1c), although similar (yet not significant) changes were observed in male donors (Fig. 1d). 

Differences in subset distribution were not due to age and, although the FRC frequency 

significantly decreased with age (ESM Fig. 1b), donors with type 1 diabetes were younger 

than control donors on average, making the type 1 diabetes-associated reduction in FRCs 

even more meaningful. Interestingly, similar alterations in FRC and BEC frequency 

observed in human PLNs were also seen in PLNs of NOD female mice compared with 

control NOR female mice, analysed at different ages (Fig. 1e,f). While BECs predominated 

in human lymph nodes, FRCs were proportionally more abundant than LECs or BECs in 
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mice. We did not find differences between PLNs and other lymph nodes in the distribution 

of human LNSC subsets (ESM Fig. 1f). PDPN expression was significantly higher on LECs 

than FRCs, but its expression was non-significantly reduced (p=0.06) on LECs from donors 

with type 1 diabetes relative to control or AAb+ donors (Fig. 1g–i). PDPN expression on 

LECs was also lower in NOD vs NOR mice, and this was already evident in young animals 

(Fig. 1j).

Increased expression of MHC-II and PD-L1 in LNSCs from human PLNs

HLA-DR (MHC-II) is typically expressed at lower levels in LNSCs compared with dendritic 

cells or other haematopoietic APCs, with BECs expressing higher levels than LECs and 

FRCs (Fig. 2a). We found no significant age-related changes in HLA-DR expression in our 

control donors, with the exception of FRCs, in which HLA-DR increased with age (ESM 

Fig. 2a–c). However, the expression of HLA-DR was highly upregulated across all LNSC 

subsets in PLNs from type 1 diabetes donors (Fig. 2b–d), and this was seen equally in both 

sexes, regardless of age (ESM Fig. 2a–e). PD-L1 was also mainly expressed on endothelial 

cells, and was significantly upregulated in BECs from the PLNs of type 1 diabetes donors 

(Fig. 2e–g). When AAb+ donors were considered separately, the increased frequency of 

HLA-DR+ was already evident in all LNSC subsets from AAb+ donors, and the frequency of 

PD-L1+ cells was increased in BECs (ESM Fig. 2f,g). In contrast, increases in expression 

levels (MFI) of HLA-DR in all LNSC subsets and PD-L1 in DNCs were mostly evident after 

diagnosis (Fig. 2h,i). In mice, MHC-II expression was not increased in PLNs of NOD vs 

NOR mice (ESM Fig. 2h). While PD-L1 expression was mostly restricted to endothelial 

cells, the low expression in fibroblastic cells was upregulated in NOD mice (ESM Fig. 2i). 

No significant differences were found in the expression of MHC-I in either humans (Fig. 2j) 

or mice (ESM Fig. 2j,k).

Human LNSCs share basic tolerogenic features with murine LNSCs

We explored the expression of 44 TRAs and tolerance-related genes (ESM Table 4) using 

normalised human LNSC data obtained from the high-throughput Biomark HD quantitative 

PCR platform. In unsupervised principal component analysis or t-distributed stochastic 

neighbour embedding cluster analysis of the four subsets of LNSCs, fibroblastic cells (FRCs 

and DNCs) clustered separately from endothelial cells (LECs and BECs) (Fig. 3a,b). 

Moreover, LNSC clusters (particularly FRCs and DNCs) from type 1 diabetes donors 

generally segregated from their counterparts from control samples (Fig. 3b), demonstrating 

the influence of disease on their gene expression profile. We next compared our normalised 

human LNSC gene expression data with the RNA-Seq gene expression profile of mouse 

LNSCs, publicly available from the Immunological Genome Project (ImmGen database) 

(Fig. 3c,d). Overall, the expression patterns of different genes were similar between humans 

and mice, with certain genes restricted to endothelial (LEC/BEC) or fibroblastic (FRC/DNC) 

cells in general (e.g. LGALS9, CD274 [encoding PD-L1] and NOS2 in endothelial cells; 

LGALS1, FAS, ICOSLG and ALDH1A1 in fibroblastic cells), or restricted to specific 

LNSC subsets (e.g. TSLP in FRCs or ENTPD1 in BECs). TRAs were weakly expressed and 

not consistently detected across samples, leading to more variability (ESM Fig. 3a, ESM 

Table 5). Low gene expression for some of the markers, particularly TRAs, in LNSCs 
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became evident when compared with their expression in sorted HLA-DRhigh CD45low cells 

(AIRE-enriched dendritic cells; ESM Fig. 3b).

The tolerance-related gene expression profile of LNSCs in PLNs is reinforced in type 1 
diabetes

Further analysis of the transcription profile of LNSCs provided new insights on their 

functional capabilities as tolerogenic APCs and how these might be affected in type 1 

diabetes. Overall, between all LNSC subsets, FRCs seem to differ the most between type 1 

diabetes and control samples, as revealed by cluster analysis (Fig. 3b), although a number of 

genes were also affected in type 1 diabetes in other LNSC subsets (ESM Table 5). We first 

assessed to what extent the expression of TRAs and transcription factors that might regulate 

them was altered in the context of type 1 diabetes. Genes encoding the transcription factors 

AIRE and FEZ family zinc finger 2 (FEZF2), first described in medullary thymic epithelial 

cells, were barely detected in human LNSCs (ESM Fig. 3). DEAF1, which has homologies 

with AIRE, was expressed in human LNSCs but no differences were found between type 1 

diabetes and control samples (Fig. 4a). Most TRAs, related or not to beta cells, were barely 

detected in LNSCs compared with dendritic cells (ESM Fig. 3b), but some were either 

significantly upregulated (e.g. ICA1, and MLANA; p<0.05) or more likely to be detected 

(e.g. INS and TYR; p>0.05) in specific LNSC subsets in type 1 diabetes samples vs control 

samples (Fig. 4b–e). Among the genes analysed (the function of which are described in 

ESM Table 4), ALDH1A1, TNFRSF14, ICOSLG, IL12A (encoding IL-35α), NT5E, 

LGALS1 and PDCD1LG2 (encoding PD-L2) were upregulated in FRCs from type 1 

diabetes donors, with some of these changes reaching significance (Fig. 4f–j, ESM Fig. 

4a,h). A substantial number of genes in LECs from type 1 diabetes donors had increased 

expression, including TNFRSF14, ENTPD1, TGFB1, LGALS9, EBI3 (encoding IL-35β), 

NOS2, ARG2 and PDCD1LG2, but only the change in ENTPD1 was significant (Fig. 4g,k–

p and ESM Fig. 4h). Finally, type 1 diabetes-associated upregulation was seen for 

ALDH1A1, ARG2 and FAS in DNCs (Fig. 4f,p and ESM Fig. 4e).

Defective immunosuppressive potential of human HLA-DRhigh CD45low cells in type 1 
diabetes

In the thymus, the expression of many TRAs in medullary thymic epithelial cells is regulated 

by AIRE and/or FEZF2, and allows for the deletion of specific autoreactive T cells and/or 

positive selection of regulatory T cells. In lymph nodes, AIRE expression marks a subset of 

dendritic cells with potent tolerogenic properties [15, 17, 18]. These peripheral AIRE+ 

dendritic cells, originally thought to be stromal cells, are found among a discrete population 

of HLA-DRhigh CD45low cells, which we analysed in human PLNs and found to be 

diminished in type 1 diabetes vs control donors (Fig. 5a,b). The level of AIRE mRNA 

expression in that population was not significantly different in type 1 diabetes vs control 

donors (Fig. 5c). No major differences were seen in the expression of different TRAs, with 

the exception of ICA1 (p=0.08) and INS (p<0.05), for which over 80% of type 1 diabetes 

donors had higher expression than control donors (Fig. 5d). In contrast to LNSCs, there was 

more downregulation of tolerance-related genes than upregulation in these cells (ESM Table 

5), with FAS and IDO1 (both p<0.05) and EBI3 (beta chain for IL-27 and IL-35; p=0.07) 
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being the most reduced (Fig. 5e–g). Thus, the tolerogenic capabilities of these cells may be 

hindered in type 1 diabetes.

Discussion

In the current study, we characterised human LNSC populations (as well as AIRE-enriched 

dendritic cells) in PLNs from control vs type 1 diabetes donors in terms of phenotype and 

gene expression profile of several tolerance-related genes and TRAs, providing a unique 

opportunity to identify potential alterations in these populations associated with type 1 

diabetes. Among the four LNSC subsets, the two fibroblastic subsets (FRCs and DNCs) 

shared more features between themselves than with the two endothelial subsets (LECs and 

BECs). Many of these features for each subset were also comparable between humans and 

mice. Of particular interest was the similarity in altered distribution of the different LNSC 

subsets in PLNs between humans and mice in the context of type 1 diabetes. More 

specifically, FRCs were decreased in proportion, while BECs were increased (particularly in 

women). These alterations were disease-dependent and not age-dependent, although we did 

observe a significant decrease over time for human FRCs, in line with a prior report using 

old mice (14–26 months) [19]. Further studies, including analysis of PLN sections by 

immunofluorescence, will help us to understand if type 1 diabetes is also associated with 

structural changes in PLNs. A reduction in the FRC population might also indicate specific 

killing by immune cells (e.g. if expressing insulin, as shown in mice [20–22], or receiving 

MHC/peptide complexes from islet-derived dendritic cells [23]), and the increased 

expression of PD-L1 might indicate an attempt to fend off this assault.

Overall, analysis of human LNSCs derived from the PLNs of type 1 diabetes donors 

revealed that these cells, far from being defective in their tolerogenic capabilities, in fact 

overexpress many of the tolerance-related genes analysed in this study. In particular, the 

fibroblastic subsets had the most type 1 diabetes-associated gene expression alterations 

among LNSCs (13 genes [46%] and 12 genes [43%] upregulated with more than a twofold 

change in FRCs and DNCs, respectively) (ESM Table 5). Conversely, in the AIRE-enriched 

(HLA-DRhigh CD45low) dendritic cell population, there were twice as many downregulated 

as upregulated genes among this list in type 1 diabetes vs control samples (six 

downregulated, three upregulated), including significant downregulation of IDO1 and FAS 
(ESM Table 5).

TRA expression by LNSCs may impact some autoreactive T cells. LNSCs that express self-

antigens can delete autoreactive CD8+ T cells [20, 24–26], and ectopic expression of INS 
was reduced in whole PLNs from type 1 diabetes donors [27]. When we analysed specific 

LNSC subsets, we found no change in the expression of INS; however, genes encoding other 

TRAs such as ICA1 and MLANA were increased in LECs and FRCs, respectively. 

Likewise, DEAF1 expression was not changed overall, consistent with our previous report 

that DEAF1 is affected at the level of mRNA splicing and not at the transcriptional level 

[28]. Thus, aberrant autoreactive T cell responses in human type 1 diabetes may not be due 

to a lack of TRA expression by LNSCs, although the very low expression levels of islet 

TRAs may limit presentation of endogenously expressed TRAs by LNSCs in PLNs relative 
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to the presentation of islet-derived antigens by dendritic cells. Whether human LNSCs do 

interact with diabetogenic T cells in an antigen-dependent manner remains unclear.

Similar to mice [26, 28], inflammation can trigger phenotypic and transcriptional changes in 

human LNSCs [29], and lipopolysaccharide upregulates HLA-DR and PD-L1 in human 

FRCs [30]. PD-L1 is also upregulated by type I IFN during inflammation [31], and it is 

actually one of the mechanisms used by LNSCs (at least LECs) to control autoreactive T 

cells in mice [13]. Similarly, PD-L1 is upregulated in beta cells from humans with type 1 

diabetes and NOD mice, in association with T cell infiltration and IFNγ production [32]. 

MHC-II expression on mouse LNSCs is low yet appears to be sufficient to affect 

autoreactive CD4+ T cells and contribute to the maintenance of regulatory T cells [33], and 

lack of MHC-II expression by LNSCs can result in autoimmunity in mice [34]. HLA-DR 

expression on human LNSCs is higher than in mice and, in the context of type 1 diabetes, 

was highly upregulated, along with PD-L1 to some extent. It is likely that many of these 

observed LNSC alterations are induced by inflammation (i.e. a consequence of the disease), 

where IFNγ produced by diabetogenic T helper type 1 cells might play a key role. If 

inflammation is a driving factor in the upregulation of MHC-II in type 1 diabetes, it is 

possible that the reason we did not observe increased MHC-II in NOD mice is that, at 12–14 

weeks of age, the mice were not old enough or not at a sufficiently advanced stage of 

disease. In addition to loading of endogenously expressed self-antigens on MHC, LNSCs 

may also acquire MHC/peptide complexes during interactions with migratory dendritic cells 

and use them to induce deletion and/or anergy [23]. The ability of LNSCs to capture and 

process exogenous antigens for presentation is not established as they are expected to be 

outcompeted by professional APCs, which are more efficient in this role [12]. As we only 

measured the expression of HLA-DR on the surface of LNSCs, we cannot establish how 

much of it comes from intrinsic expression and how much from transfer from other APCs. 

However, expression of PDPN is important for the interaction of dendritic cells with FRCs/

LECs [35], and since PDPN expression was downregulated in individuals with type 1 

diabetes (at least in LECs), it may be expected that FRC–dendritic cell interactions, and 

therefore transfer of HLA-DR from dendritic cells, would be reduced rather than increased, 

suggesting that the increased HLA-DR expression may rather be a consequence of 

inflammation. Some of the reported alterations (e.g. relative LNSC frequencies, PDPN on 

LECs) occurred early (evident in ‘young’ NOD mice) and may contribute to disease 

progression. Early alterations might also be influenced by genetic factors; thus, studies 

comparing mouse strains and inflammatory conditions are needed for more mechanistic 

insights.

The expression of ALDH1A1 (required for retinoic acid synthesis) and LGALS1 (encoding 

the anti-proliferative galectin-1) in FRCs and their upregulation in type 1 diabetes is 

interesting, as they are also both upregulated with IFNγ and lipopolysaccharide in vitro [30]. 

Other genes encoding immunomodulatory molecules altered in FRCs from type 1 diabetes 

donors were ICOSLG, TNFRSF14 and NT5E. This overexpression, together with higher 

expression of HLA-DR and PD-L1, could indicate a countervailing response to the 

proinflammatory environment occurring in PLNs in the context of type 1 diabetes, but 

whether LNSCs can effectively engage autoreactive T cells to transmit these tolerogenic 

signals remains to be established.
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Collectively, our findings show that LNSCs isolated from the PLNs of type 1 diabetes 

donors differ from those of control donors in their relative frequency and phenotype, 

including upregulation of HLA-DR and PD-L1 and several intrinsic abnormalities in their 

mRNA expression. LNSCs from individuals with type 1 diabetes, particularly fibroblastic 

cells (FRCs and DNCs), generally overexpress genes related to tolerance, whereas HLA-

DRhigh CD45low cells, including AIRE-enriched dendritic cells, seem to be defective in a 

number of tolerogenic pathways.

To our knowledge, this is the first report on type 1 diabetes-associated phenotypic and 

transcriptional alterations affecting human LNSCs isolated from islet-draining PLNs, and it 

presents these populations as heterogeneous, responsive to their microenvironment and 

potential players in balancing immune responses between tolerance and immunogenicity. 

Our study sheds light on yet unexplored populations of cells that likely influence or are 

affected by local autoimmune responses. We have provided a first look at specific genes and 

pathways that each LNSC population has at its disposal to potentially promote tolerance and 

that are affected in type 1 diabetes. While we have only shown one dendritic cell population 

in this study, to put some of the LNSC data into perspective, we have found that this 

dendritic cell population exhibits a reduced tolerogenic potential in type 1 diabetes, yet may 

be capturing and presenting islet antigens, with potentially undesirable consequences. In 

contrast, LNSCs appear to have an increased tolerogenic potential as well as enhanced 

antigen presentation capacity, but express no or few relevant antigens and probably have a 

poor capacity to acquire exogenous islet antigens compared with other professional APCs. 

Although we cannot draw direct functional implications for LNSCs in type 1 diabetes 

progression (functional studies are limited by the paucity of LNSCs), these cells reveal an 

interesting phenotype for peripheral tolerance and they can be manipulated in vivo to 

express antigens and induce tolerogenic T cell responses [36]. Thus, we propose that LNSCs 

may be pertinent targets of antigen-specific therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AAb Autoantibody

AIRE Autoimmune regulator

APC Antigen-presenting cell

BEC Blood (vascular) endothelial cell

DNC Double-negative cell

FEZF2 FEZ family zinc finger 2

FRC Fibroblastic reticular cell

LEC Lymphatic endothelial cell

LNSC Lymph node stromal cell

MFI Mean fluorescence intensity

NOR Non-obese diabetes-resistant

nPOD Network of Pancreatic Organ Donors with Diabetes

PD-L1 Programmed death-ligand 1

PDPN Podoplanin

PLN Pancreatic lymph nodes

TRA Tissue-restricted antigen
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Research in context

What is already known about this subject?

• Lymph node stromal cells (INSCsl can endogenously express and present 

selhantigem to T lymphocytes and induce tolerogenic responses through the 

expression of inhibitory molecules

• Conventional antigen-presenting cells, including dendritic cells, show defects 

in maintaining tolerance In type 1 diabetes

• There is an imbalance of T cell responses In the pancreatic lymph nodes 

iPLNs) of individuals with type l diabetes What is the key question?

What is the key question?

• Are INSCs phenotyp<dlly and functionally altered In PINs In type l diabetes?

What are the new findings?

• LNSC subsets are altered in their distribution in PINs in the context of type 1 

diabetes

• Most LNSC subsets exhibit increased expression of MHC-il and programmed 

deathfigand 1 (PCKl) In PLNs from donors with type 1 diabetes

• LNSCs have an overall increase, rather than a reduction, in the expression of 

tolerance-related genes How might this impact on clinical practice in the 

foreseeable future?

How might this impact on clinical practice in the foreseeable future?

• Targeting LNSCs as part of antigen-specific therapies may constitute a novel 

and possibly more efficient way to reestablish tolerance for the treatment or 

prevention of type l diabetes
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Fig. 1. 
Stromal cell distribution in human and mouse PLNs. (a) Representative dot plots of PDPN 

and CD31 expression gated on CD45− cells from control (blue) and type 1 diabetes (red) 

PLN samples. (b–d) Relative subset distribution among FRCs, LECs and BECs between 

human control and type 1 diabetes in samples from (b) all donors, (c) female donors and (d) 

male donors. (e) Relative distribution among FRCs, LECs and BECs in PLNs from NOR 

and NOD mice from two different age groups. (f) Representative dot plots of PDPN and 

CD31 expression gated on CD45− cells from NOR (blue) and NOD (red) PLNs. (g,h) 
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Normalised PDPN MFI expression in FRCs and LECs from (g) control (n=20) vs type 1 

diabetes (with AAb+, n=14) samples and (h) control (n=20) vs AAb+ (n=4) or type 1 

diabetes samples (n=20). Reduction in PDPN on LECs between control and type 1 diabetes 

did not reach significance (p=0.06). (i) Representative histograms of PDPN expression in 

FRCs and LECs in PLN tissue from donors with and without type 1 diabetes. Grey 

histograms represent DNCs. (j) Normalised PDPN MFI expression in FRCs and LECs in 

PLNs from NOR (n=6) and NOD (n=10) mice from two different age groups. *p<0.05, 

**p<0.01, ***p<0.001, by two-tailed Student’s t test. T1D, type 1 diabetes
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Fig. 2. 
MHC-II, PD-L1 and MHC-I expression in LNSCs from human PLNs. (a) Representative dot 

plot of HLA-DR and CD31 expression gated on CD45− cells from a control human PLN, 

showing overlay of the four LNSC subsets. (b) Percentage of HLA-DR+ LNSCs comparing 

control (blue bars)vs type 1 diabetes (red bars) donors. (c) Histograms of HLA-DR 

expression on the four LNSC subsets from control and type 1 diabetes donors. (d) 

Normalised HLA-DR MFI comparing control (n=20)vs type 1 diabetes (n=14) donors. (e) 

Histograms of PD-L1 expression on LNSC subsets from control and type 1 diabetes donors 
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and representative dot plots of PD-L1 expression on CD31− and CD31+ cells, overlaying the 

four subsets of LNSCs from control and type 1 diabetes donors. (f,g) Percentage of (f) PD-

L1+ and (g) normalised PD-L1 MFI on LNSCs from control and type 1 diabetes donors. In 

(g): control, n=8; type 1 diabetes, n=10. (h,i) Normalised (h) HLA-DR MFI and (i) PD-L1 

MFI comparing control (n=8), AAb+ (n=4) and type 1 diabetes (n=10) donors. (j) 
Normalised HLA-A,B,C MFI on LNSC subsets from control (n=5) and type 1 diabetes 

(n=9) donors. *p<0.05, **p<0.01, ***p<0.001, by two-tailed Student’s t test; †p<0.05, by 

ANOVA with multiple comparisons test. Additional statistics: (f) FRC, p=0.08; (g) DNC, 

p=0.07; (i) FRC, p=0.07. T1D, type 1 diabetes
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Fig. 3. 
Tolerogenic gene expression profile in human and mouse LNSCs. (a) Principal component 

analysis and (b) t-distributed stochastic neighbour embedding (tSNE) analysis of the four 

LNSC subsets in human PLNs from control, AAb+ and type 1 diabetes donors. (c, d) 

Comparison of relative expression of genes preferentially expressed in (c) fibroblastic cells 

or (d) endothelial cells, comparing human (control donors, n=5) and mice (C57BL/6, n=3) 

for the four subsets of LNSCs from our data and the ImmGen database, respectively. PC, 

principal component; T1D, type 1 diabetes
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Fig. 4. 
Tolerogenic gene expression profile in LNSCs from control vs type 1 diabetes PLNs. 

Relative mRNA expression of selected genes (analysed by quantitative PCR) in human 

LNSCs comparing control (black), AAb+ (grey) and type 1 diabetes (white) donors. 

Representative genes shown correspond to transcription factors, enzymes, secreted 

immunoregulatory molecules and inhibitory cell surface ligands, as indicated in ESM Table 

4. (a) DEAF1, (b) INS, (c) ICA1, (d) TYR, (e) MLANA, (f) ALDH1A1, (g) TNFRSF14, 

(h) ICOSLG, (i) IL12A, (j) NT5E, (k) ENTPD1, (l) TGFB1, (m) LGALS9, (n) EBI3, (o) 
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NOS2 and (p) ARG2. All mRNA levels were normalised against endogenous control 

HPRT1. *p<0.05, by two-tailed Student’s t test. B, BEC; D, DNC; F, FRC; L, LEC
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Fig. 5. 
Type 1 diabetes-associated defects in HLA-DRhigh CD45low cells in PLNs. (a) 

Representative dot plots showing the HLA-DRhigh CD45low cell population studied that 

contains AIRE-enriched dendritic cells. (b) Percentage of HLA-DRhigh CD45low cells, gated 

on live singlets, in PLNs from control, AAb+ and type 1 diabetes donors. (c) Relative AIRE 
mRNA expression in sorted LNSCs and HLA-DRhigh CD45low cells from control (blue) and 

type 1 diabetes (red) PLNs. (d–g) Relative mRNA expression (analysed by quantitative 

PCR) in sorted HLA-DRhigh CD45low cells between control (blue bars; AAb−, black circles; 
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AAb+, pink circles) and type 1 diabetes (red bars with grey circles) donors of selected genes 

corresponding to (d) TRAs, (e) immunosuppressive enzymes, (f) secreted immunoregulatory 

molecules and (g) inhibitory cell surface ligands. All mRNA levels are normalised against 

endogenous control HPRT1. *p<0.05, by two-tailed Student’s t test. For some genes, 

significance was not reached due to a single outlier (e.g. ICA1, p=0.08; EBI3, p=0.07). T1D, 

type 1 diabetes
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