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Abstract

Tumor necrosis factor (TNF) superfamily cytokines play major roles in the regulation of both 

adaptive and innate immunity. The TNF superfamily cytokine TL1A (TNFSF15) through its 

cognate receptor DR3 (TNFRSF25) promotes T cell immunity to pathogens and directly 

costimulates group 2 and 3 innate lymphoid cells. Polymorphisms in the TNFSF15 gene are 

associated with risk for various human diseases including inflammatory bowel disease. Like other 

cytokines in the TNF superfamily, TL1A is synthesized as a type II transmembrane protein and 

cleaved from the plasma membrane by metalloproteinases. Membrane cleavage has been shown to 

alter or abrogate certain activities of other TNF-family cytokines, but for TL1A, the functional 

capabilities of membrane bound and soluble forms of this cytokine are not known. Constitutive 

expression of TL1A in transgenic mice results in expansion of activated T cells and promotes 

intestinal hyperplasia and inflammation through stimulation of group 2 innate lymphoid cells. 

Through the generation of membrane restricted TL1A transgenic mice, we demonstrate that 

membrane TL1A promotes expression of inflammatory cytokines in the lung, dependent on DR3 

expression on T cells. Soluble TL1A alone was unable to produce this phenotype but was still able 

to induce intestinal type 2 inflammation independently of T cells. These data suggest differential 

roles of membrane and soluble TL1A on adaptive and innate immune cells, and have implications 

for the consequences of blocking these two forms of TL1A.

Introduction

Interactions between the TNF superfamily cytokine TL1A and its cognate receptor DR3 play 

a role in multiple murine models of autoimmune and autoinflammatory diseases. Genetic 

polymorphisms in the TNFSF15 locus encoding TL1A have also been associated with risk 
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for development of inflammatory bowel disease and elevated levels of TL1A have been 

found in both the serum and synovial fluid of patients with rheumatoid arthritis [1, 2].

TL1A, like other TNF superfamily cytokines, is initially produced as a type 2 

transmembrane protein which is subsequently cleaved to yield a soluble product [3]. 

Membrane cleavage alters the function of other cytokines in the TNF superfamily. For 

example, membrane restriction of murine TNF results in an attenuated response to Listeria 
monocytogenes, LPS immunization, and experimental allergic encephalomyelitis, 

demonstrating a unique role of soluble TNF in host defense and autoimmunity [4, 5]. 

However, membrane restricted TNF can still support the formation of lymphoid follicle 

structures that are defective in TNF-deficient mice, suggesting distinct functions are 

mediated by membrane bound and soluble forms of TNF [5]. The TNF superfamily member 

Fas ligand (FasL) induces apoptosis more efficiently when restricted to the membrane. 

However, soluble FasL may have its own unique function, as mice with FasL that can only 

be produced in a soluble form show increased mortality compared to FasL-deficient mice 

due to increased autoimmunity and myeloid malignancies [6].

Expression of full-length human TL1A in 293T cells results in its cleavage at leu72 [3]. In 

addition, soluble endogenous TL1A can be detected in cell culture supernatants of ex vivo 
stimulated DCs and monocytes [7] and the serum of patients with rheumatoid arthritis [2]. 

Work by Hedl et al. has suggested that a potential protease responsible for this cleavage is 

ADAM17 [8]. Further work has also demonstrated the ability of both membrane restricted 

[9] and soluble [10, 11] forms of TL1A to be able to signal in some capacity in vitro. Which 

forms of TL1A are biologically active in vivo has not been addressed.

We and others have previously shown that transgenic mice constitutively expressing full-

length TL1A either on T cells or dendritic cells all show a similar phenotype with only 

severity varying between the strains, commensurate with TL1A expression levels [12–14]. 

TL1A transgenic mice spontaneously develop IL-13-dependent small bowel pathology, 

systemic T cell activation and an increase in activated T cells and regulatory Foxp3+ CD4+ 

T cells. The small-intestinal pathology in these mice has been shown to result from IL-13 

produced by group 2 innate lymphoid cells (ILCs) upon TL1A stimulation [15–17]. Whether 

the T cell subset expansions are due to direct or indirect actions of TL1A on T cells is not 

known, nor is it understood which of these effects of TL1A are due to membrane or soluble 

forms of the cytokine.

Here we show that TL1A transgenic mice produce both soluble and membrane bound forms 

of TL1A. We produce a membrane restricted TL1A transgenic mouse, and show that 

constitutive expression of this form of TL1A only mildly attenuates small bowel pathology. 

However we find that these mice have increased inflammatory cytokine levels in the lungs. 

We further show that chronic administration of soluble TL1A is able to induce Il-13 driven 

pathology in the ileum, but not T cell hyperactivation or lung pathology. Finally, using mice 

specifically lacking DR3 on T cells, we demonstrate that the lung and T cell activation 

phenotypes, but not small intestinal pathology, are dependent upon T cell-specific expression 

of the TL1A receptor DR3. These findings define distinct roles of membrane bound vs. 
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soluble TL1A in the immune system and have implications for the design of therapeutics 

that block the effects of TL1A.

Methods

Molecular biology

Murine TL1A was cloned from the vector TL1A pCDNA3 (Kind gift from Dr J 

Mongkolsapaya, MRC, Oxford, UK). The base pairs corresponding to amino acids 69 – 93 

were removed (TL1A Δ69-93) using a sewing PCR and the resulting product was cloned, 

along with an unaltered TL1A, into pEYFP-C1 using Kpn1 and BamH1. For production of 

the Mem TL1A transgenic vector, TL1A Δ69-93 was subcloned into the CD2 expression 

vector [18] using EcoR1 after dephosphorylation with TSAP.

Cell culture and transfections

293T cells were transfected using Effectene (Qiagen) with the indicated plasmids and grown 

in complete DMEM composed of DMEM (Life Technologies) supplemented with 10% FCS, 

1 x sodium pyruvate, 1 x GlutaMAX, and 1 x penicillin-streptomycin solution (Sigma). All 

other cells were cultured in complete RPMI composed of RPMI (Life Technologies) 

supplemented as complete DMEM with the addition of 52μM 2-ME. Total T cells were 

purified from the spleens of indicated mice after red cell lysis using the EasySep Mouse T 

cell isolation Kit (Stemcell Technologies). For activation assays, cells were either cultured 

with 10ng/ml IL-7 (Peprotech) or 2μg/ml anti-CD3 (145-2c11, eBioscience) and 10μg/ml 

anti-CD28 (37-51, eBioscience) for up to 48hrs. BMDCs were generated by culturing the 

bone marrow from indicated mice at 2x105 cells/ml in complete RPMI with 20ng/ml GM-

CSF (Peprotech). After 4 days the media was topped up with half the initial volume of the 

same media and the cells in suspension harvested after 7-8 days. Expression of CD11c was 

confirmed by flow cytometry (anti-CD11c, N418, eBioscience). For activation assays, 

0.5x106 cells were cultured in 1 ml in a 48-well plate with either 20ng/ml GM-CSF alone or 

with the addition of 100ng LPS (Enzo) for 48hrs.

Custom TL1A Luminex

Anti-TL1A (5G4.6 [12], purified at BioXcell) was conjugated to Bio-plex Xmap luminex 

beads and 2.5x103 beads were used per sample. Anti-TL1A (Tan 2-2 [19], University of 

Southampton) was biotinylated (EZ-Link Sulpho NHS biotin, Thermo Fisher Scientific) and 

used as detection at 2μg/ml. Recombinant TL1A (R&D Systems) was used as the standard. 

Assays were carried out on a Bioplex 200 or Bioplex Magpix using the manufactures buffers 

(Biorad).

Mice

WT C57NL/6-Jax mice were bought from Taconic and used for assays involving only WT 

cells, as breeders for transgenic lines, and as recipients of osmotic pumps. For all other 

experiments, WT littermate mice were used. Mem+Sol TL1A transgenic mice were from the 

existing colony, line R6, housed at the National Institutes of Health [12]. Mem TL1A 

transgenic mice were produced by injection of the CD2-TL1A Δ69-93 plasmid described 

above at Transgenic Mouse Model Laboratory (SAIC-Frederick). Samples were taken from 
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the transgenic mice for phenotyping at 12 weeks of age (+/- 3 days). Prior to extraction of 

organs, mice were perfused with PBS under terminal anesthesia. For chronic soluble TL1A 

experiments, mice were implanted with osmotic pumps (model 2006, Alzet) set to deliver 

500ng of soluble TL1A per day via continuous infusion. Osmotic pumps were implanted 

using sterile technique subcutaneously on the back of the animal. Osmotic pumps remained 

in the animals for 6 weeks, at which point they were euthanized and samples taken. Soluble 

TL1A used in these experiments was produced as previously described [11]. DR3 FL/FL 

mice were produced by Ozgene. LoxP sites were inserted into intron 1 and 6 of the Tnfrsf25 
locus. Mice were subsequently crossed to the Mem TL1A transgenic and CD4-cre (Jackson 

Laboratory, stock number 017336) mouse lines. All animals were used under protocols 

approved by the National Institute of Arthritis and Musculoskeletal and Skin Diseases 

animal care and use committee.

Flow cytometry

Flow cytometric analysis was carried out on the spleens of the indicated animals. Spleens 

were passed through a 100μm cell strainer (Corning) and the red cells lysed. Samples were 

resuspended, FC receptors blocked (2.4G2, eBioscience) and surface antigens stained in 

HBSS (Life Technologies) alone or PBS (Life technologies) plus 0.5% (w/v) BSA (Sigma). 

The Foxp3 Transcription Factor Staining Buffer Set (eBioscience) was used for intracellular 

staining. The following stains and antibodies were used: Live/dead (Life Technologies), anti-

CD4 (GK1.5, Tonbo Biosciences), anti-CD8 (53-67, Tonbo Bioscience), anti-CD11c (N418, 

eBioscience), anti-CD19 (6D5, eBioscience), anti-CD25 (PC61.5, eBioscience), anti-CD40L 

(MR1, eBioscience), anti-CD44 (IM7, eBioscience), anti-CD62L (MEL14, eBioscience), 

anti-CXCR5 (2G8, BD Bioscience), anti-FoxP3 (FJK-16s, eBioscience), PNA (Vector 

Laboratories), anti-GL7 (GL-7, eBioscience), anti-ICOS (7E.17G9, eBioscience), anti-IgD 

(11-26c, eBioscience), anti-IgM (eb121-15F9), anti-PD1 (J43, eBioscience), anti-DR3 

(BAF2437, R&D) and anti-TL1A (Tan2-2, University of Southampton [19]). Samples were 

run for analysis on a BD FACSVerse and sorted on a BD FACS Aria II. Flow cytometrey 

data was analyzed with Flow Jo V9.

Histological processing and assessment

Organs for histological processing were taken after perfusion and immersed in 10% neutral 

buffered formalin. Samples were processed for paraffin sections and stained with H and E or 

PAS stain at Histoserv (MD, USA). For histological scoring, samples were blinded and the 

number of goblet cells were counted on at least 3 in-plane villi per section.

RNA and DNA extraction

For RNA extraction from tissues, the postcaval lobe of the lung or a small section of the 

terminal ileum was collected into RNALater (Ambion). Tissue was retrieved from the 

storage solution, placed in Purelink RNA mini kit lysis buffer (Ambion) and homogenized 

using a Precellys homogenizer (Bertin). RNA was extracted using a Purelink RNA mini kit 

(Ambion). To extract genomic DNA, cells were lysed and the RNA extracted using a 

Purelink RNA mini kit (Ambion), following elution of RNA from the column, 50μl of 8mM 

NaOH was added and incubated at 55°C for 7min. DNA was eluted by spinning the column 
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at 5000xg for 3 min at room temperature. 260:280 ratio was assessed using a Nano Drop 

spectrophotometer.

Quantitative PCR

250ng-500ng of RNA per reaction was assessed by qPCR using iTaq universal probes one 

step kit (Bio-Rad). Relative expression of transcripts was calculated by comparison to HPRT 

using the ΔΔCT method [20]. The following probes (Applied Biosytems) were used; HPRT 

(Mm00446968_m1), IL17a (Mm00439619_m1), IFNg (Mm00801778_m1), IL-13 

(Mm00487160_m1), IL-4 (Mm00445259_m1), IL-9 (Mm00434305_m1), IL-5 

(Mm00439646_m1). Reactions were run on a CFX384 (Bio-Rad) instrument for 45-50 

cycles.

ELISA

ANA ELISAs were carried out as per manufactures instructions (Alpha Diagnostics). For 

other ELISAs Maxisorp (Nunc) plates were coted with either anti-IgG (1037-01, Southern 

Biotech), anti-IgA (1040-01, Southern Biotech) or anti-IgE (1110-01, Southern Biotech) at 

0.2μg/ml in bicarbonate buffer overnight. Plates were blocked in PBS (Life Technologies) 

with 1% (w/v) BSA (Sigma) for 2 hours. PBS/BSA was used for all subsequent steps. 

Samples were diluted and added for 1 hour and secondary antibody for a further hour. 

ELISAs were developed with TMB substrate (Biolegend) and reactions stopped with 2N 

H2SO4 (Sigma). Between steps, plates were washed 3 times using a Synergy H1M (BioTek). 

Absorbance at 450nm was read using an Epoch Spectrophotometer (BioTek). HRP-

conjugated secondary antibodies (used at 1:12000) were as follows: anti-IgG1 (1070-05, 

Southern Biotech), anti-IgG2b (1090-05, Southern Biotech), anti-IgG2c (1079-05, Southern 

Biotech), anti-IgA (1040-05, Southern Biotech) and anti-IgE (1110-05, Southern Biotech). 

For dilution factor calculation, mouse serum was diluted 1/10 and added to the top well. 

Samples were serial diluted 1/10 and a curved fitted to the absorbance against the dilution of 

the sample where a 1/100 absolute dilution is equal to 0.01. The dilution factor was 

calculated as the inverse of the dilution where the absorbance is equal to twice the 

background of a blank well (PBS/BSA in place of serum). For samples which never reached 

this (eg IgE in WT mice) a dilution factor of 1 was assigned.

RNA-Seq

mRNA was purified from 1μg of total RNA extracted as above using a NEBNext Poly(A) 

mRNA Magnetic isolation module (New England Biolabs). First and second strand cDNA 

was synthesized using NEBNext synthesis modules (New England Biolabs), purified using 

Agencourt AMPure XP beads (Beckman Coulter), and quantified using Quant-iT PicoGreen 

dsDNA assay (Life Technologies). Libraries were prepared from 10ng ds-cDNA using an 

Ovation SP ultralow library system (Nugen) in combination with a Mondrian SP work 

station (Nugen). Libraries were amplified by PCR for 15 cycles, quantified, denatured and 

10pmol of each library were pooled and sequenced on a 1x50bp program on a Hiseq 2000 or 

2500 (Illumina). After sequencing, the BCL file was demulitiplexed and converted to a 

FASTQ file using CASAVA (Illumina). Files were aligned to the mm10 UCSC genome 

using TopHat splice junction mapper with Bowtie2 [21]. Features were counted and a count 

table produced using Rsubread[22]. Raw and processed data including batch information 
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and output from differential expression analysis with DESeq2 is available in the GEO 

repository (https://www.ncbi.nlm.nih.gov/geo) under series record GSE98492.

Statistics

For non RNA-Seq data, statistics were calculated using GraphPad Prism with the test 

indicated in the figure legend. For RNA-Seq data, differential expression analysis was 

carried out using DESeq2 including sex and sequencing batch as covariates in the liner 

model [23]. GSEA was performed by ranking genes in each comparison by the inverse of 

the unadjusted p value with the sign of the log fold change calculated by DESeq2. The 

generated ranked gene lists were tested for enrichment of gene sets defined in the Hallmarks 

database from MSigDB using GSEA [24].

Results

Cell type-specific and molecular requirements for TL1A cleavage

Given previous reports of TL1A cleavage [3] we investigated the production of membrane 

and soluble forms of TL1A from murine splenic T cells and bone marrow derived dendritic 

cells (BMDCs). Using flow cytometry, we found expression of surface TL1A on CD4+ and 

CD8+ T cells by 24 hours after activation through CD3 and CD28. BMDCs spontaneously 

expressed surface TL1A, which increased upon treatment with LPS (Figure 1A). In the same 

cultures, soluble TL1A was detectable only in BMDCs, with increased amounts upon 

stimulation (Figure 1B). These data show that soluble TL1A is preferentially produced by 

DCs, whereas both T cells and DCs can express membrane bound TL1A, particularly after 

activation.

We have previously described transgenic mice that constitutively express TL1A in T cells 

under the CD2 promoter [12]. Using line R6 from our original publication we found these 

mice had high levels of soluble TL1A detectable in their serum and on the surface of T cells 

(Figure 1C and D, group Mem+Sol). Because of these findings, we will refer to this line as 

Mem+Sol. To prevent TL1A cleavage, we deleted the mouse TL1A region homologous to 

the region of human TL1A previously identified as the site of cleavage [9] (TL1AΔ69-93, 

Supplemental Figure 1A). When expressed by 293T cells, TL1AΔ69-93 showed increased 

surface expression and greater than 250-fold reduced production of soluble TL1A compared 

to full length murine TL1A (Supplemental Figure 1B-C).

Soluble as well as membrane bound TL1A is required for maximal small bowel pathology

To study the effects of membrane restricted TL1A in vivo, we produced a transgenic mouse 

line expressing the TL1AΔ69-93 TL1A mutant under the control of the CD2 promoter. From 

multiple founder lines, we identified one strain in which surface TL1A levels matched those 

found on naive T cells from Mem+Sol TL1A transgenic mice (Figure 1C); we designated 

this line Mem. After 48 hours of culture with IL-7 alone, only Mem+Sol CD4+ T cells 

produced soluble TL1A in the culture supernatant (Figure 1E). The level of soluble TL1A 

was greatly increased in Mem+Sol transgenic T cells following T cell activation. However, 

only after activation was a small amount of soluble TL1A detectable in the supernatant from 

Mem cells, though it was reduced by more than 10-fold compared to the cells from Mem
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+Sol mice (Figure 1E). Importantly, levels of soluble TL1A in the serum of Mem transgenic 

mice was no higher than those of wild type (WT) mice, whereas high levels of soluble TL1A 

were present in the serum from Mem+Sol transgenic mice (Figure 1D).

To determine the in vivo effects of membrane restricted TL1A, we examined the phenotype 

of the Mem and Mem+Sol TL1A transgenic mice compared to WT littermate controls at 12 

weeks of age. There was a small but significant increase in the proportion of CD4+ T cells 

and a reduction in CD19+ B cells in the spleen of Mem+Sol but not Mem TL1A transgenic 

mice (Supplemental Figure 2A), with total numbers of splenocytes unaffected (Figure 2A). 

Recent studies have reported negative effects of TL1A on in vitro proliferation of B cells 

[25]. We therefore examined the B cell and T follicular helper cell compartments and found 

an increase in the percentage of class switched B cells that was statistically significant only 

in Mem mice (Supplemental Figure 2A). However, there was a significant increase in 

germinal center B cells in both strains. We also found significant elevation of total IgG1, 

IgA and IgE in Mem+Sol mice but only IgG2b, and to a lesser extent, IgA in Mem mice 

(Supplemental Figure 2B). Mem+Sol but not Mem TL1A transgenic mice also had mildly 

elevated anti-nuclear antibody titers (ANA). Similar to previous descriptions of transgenic 

TL1A overexpression [12–14] we found an elevation of both regulatory and activated T cells 

in the spleens of Mem+Sol transgenic mice (Figure 2A), which was similar in Mem mice.

In the small intestine, Mem TL1A transgenic mice developed goblet cell and paneth cell 

hyperplasia reminiscent of the previous findings in Mem+Sol mice (Figure 2B). However, 

Mem mice had reduced lengthening of the small intestine and an fewer number of goblet 

cells per villus compared with Mem+Sol TL1A transgenic animals (Figure 2C). The 

transcriptional profile of the terminal ileum was assessed by quantitative PCR (Figure 2D). 

IL-13 mRNA was highly elevated in both Mem+Sol and Mem transgenic strains. However, 

only the Mem+Sol ileum exhibited significantly reduced levels of IFN-γ and elevated IL-4, 

which are cytokines primarily produced by T cells. Mem+Sol transgenic mice also had the 

highest expression of collagen Col6a1, indicative of increased fibrosis in these mice. 

Conversely, membrane restricted TL1A transgenic mice showed the greatest elevation in 

IL-9, a cytokine recently shown to be induced by TL1A in T cells [26]. Taken together, these 

data show that membrane bound TL1A is less efficient at inducing small bowel pathology 

than is soluble TL1A. As IL-13 levels were comparable between the two lines, soluble 

TL1A may promote increased severity of ileal pathology and cytokine production through 

other pathways or cell types besides IL-13-producing ILC2.

Membrane restricted TL1A transgenic mice have increased pro-inflammatory cytokine 
production in the lung

Given the role for TL1A and DR3 in mouse models of asthma [15, 26], we assessed 

cytokine production by Mem and Mem+Sol transgenic mice in the lungs (Figure 3). Unlike 

in the ileum, Mem TL1A transgenic mice were found to have higher levels of multiple 

inflammatory cytokines, including IL-13, IL-17a, and IL-9. We also assessed the lungs for 

histological changes but no consistent alterations were observed (data not shown).

To compare the effects of an excess of either membrane restricted TL1A alone or both 

membrane and soluble TL1A in an unbiased manner, we performed RNA Sequencing 
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(RNA-Seq) on the lung and the ileum from Mem and Mem+Sol mice. These were compared 

to non-transgenic (WT) control animals (Full results of differential gene expression analysis 

deposited as supplementary file in GEO series record GSE98492). In the ileum, we found 

that the Mem+Sol mouse had more genes with altered expression compared to WT mice 

than did the Mem mouse. However in the lungs the Mem strain showed greater differences 

(Figure 4A). Gene set enrichment analysis (GSEA) [24] indicated enrichment of different 

pathways in the lung compared to the ileum, with a few unique pathways upregulated by 

only one of the two forms of TL1A (Figure 4B). For example, genes in the interferon 

pathways were negatively enriched in the ileum but positively enriched in the lungs. 

However, there was some concordance between the organs as both lung and small intestine 

showed a positive enrichment for the IL-2 Stat5 signaling pathway, indicating that TL1A 

drives a mixture of organ dependent and independent effects (Figure 4B).

As the predominant effect within the TL1A transgenic mice was based on the tissue type, we 

subsequently carried out differential expression analysis between the Mem and Mem+Sol 

groups within each organ. We found that the greatest difference between the transcriptomes 

induced by the two forms of TL1A was in the lung, where there was a greater number of 

genes with an absolute log fold change greater than 1 in the Mem+Sol TL1A compared to 

Mem TL1A mice (Figure 4C). However, soluble TL1A induced a number of genes 

independent of organ. An example of this are the Casein genes Csn2 and Csn3. Expression 

of these genes was found in both Ileum and Lung, but only in the Mem+Sol TL1A 

transgenic mice and not in WT or Mem TL1A lines (Figure 4D). To the best of our 

knowledge, this is the first report of induction of these genes outside of processes involved 

in milk production. Further, these transcripts were expressed at a similar levels by both male 

and female mice. To assess differential pathway enrichment in each organ between the two 

transgenic strains, we performed GSEA as before, relative to the Mem TL1A transgenic line 

(Figure 4E). Genes with a positive normalized enrichment score indicate a relative 

enrichment of that pathway in Mem+Sol mice and a negative score indicates relative 

enrichment within Mem mice. Strikingly pathway enrichment differed substantially by 

organ. For example both TNF signaling via NFκB and oxidative phosphorylation pathways 

were preferentially promoted by membrane restricted TL1A in the lung. However, in the 

ileum these same pathways were promoted in Mem+Sol TL1A transgenic mice (Figure 4E).

Taken together, these data indicate that although there is overlap between the transcriptional 

effects of soluble and membrane bound TL1A, there are some transcripts differentially 

induced in the ileum and lung by the same forms of TL1A, and some unique effects of each 

form of TL1A that can span these two target tissues.

Chronic administration of soluble TL1A promotes small bowel but not lung pathology or T 
cell activation

To study of the effects of excess soluble TL1A without the contribution of the membrane-

bound form, 8-10 week old mice were implanted with subcutaneous osmotic pumps 

calibrated to deliver 500pg soluble recombinant TL1A per day (or an equivalent volume of 

PBS alone) at a constant rate for 6 weeks. At the end of the treatment, the mice were 

sacrificed and assessed for pathology. Unlike either of the transgenic strains, we found no 
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effect of soluble TL1A on Treg numbers or the activation status of CD4+ T cells in the 

spleen (Figure 5A). We did however observe a mild effect on total IgA levels in the serum 

(Supplemental Figure 3A) and elevated IL-13 as well as IL-13-associated small bowel 

pathology similar to that observed in TL1A transgenic mice (Figure 5 B-D). Importantly, 

soluble TL1A did not induce IL-13 or IL-17 in the lung (Supplemental Figure 3B), although 

these were elevated in the lungs of Mem and to a lesser extent Mem+Sol TL1A transgenic 

mice (Figure 3). These data suggest that soluble TL1A at the concentration utilized is able to 

co-stimulate the production of ILC2-associated cytokines and induce small bowel pathology, 

but not co-stimulate T cells or replicate the lung phenotype observed in the Mem and Mem

+sol TL1A transgenic mice.

T cell specific DR3 expression is required for abnormal elevation of lung cytokines and 
development of a TL1A-associated splenic phenotype

To further clarify which cell types mediate the effects of TL1A, we generated a mouse with 

T cell specific DR3 deficiency through insertion of loxP sites into introns 1 and 6 of the 

Tnfrsf25 locus and subsequent expression of Cre under the CD4 promoter. DR3 deletion 

could be demonstrated in the genomic DNA and also by flow cytometry of DR3 expression 

on CD4+ cells, but not CD19+ cells isolated from the spleen in these mice (Supplemental 

Figure 4). Due to Cre expression at the CD4+CD8+ double positive stage of thymocyte 

development, CD8+ T cells will also lack DR3. We subsequently crossed this mouse with 

the Mem TL1A transgenic mouse to enable us to dissect the role of membrane bound TL1A 

signaling via DR3 expressed on T cells (designated DR3FL/FLCD4 Cre+/- TL1AmemTg). 

We found that T cell activation, Treg expansion, increased numbers of T follicular helper 

cells, and GC B cell expansion observed in Mem TL1A transgenic mice were directly 

dependent upon DR3 expression in T cells (Figure 6A and Supplemental Figure 4E). T cell 

specific deletion of DR3 reduced serum IgE back to baseline levels, but despite the decrease 

in T follicular helper cells, IgG1 and IgA were only slightly reduced (Figure 6B).

Similar to previous findings in TL1A transgenic mice crossed onto an OT-II Rag1-deficient 

background, which prevents TCR signaling [12], intestinal goblet cell hyperplasia and 

elevated IL-13 mRNA in the ileum were not affected by the lack of DR3 on T cells (Figure 

7A and Supplemental Figure 4C-D). However, elevation of inflammatory cytokines in the 

lungs observed in both the Mem+Sol and, to a greater extent, Mem TL1A transgenic mice 

was lost (Figure 7B), reinforcing the role of DR3 on T cells in this aspect of TL1A-driven 

pathology.

Discussion

Here we have demonstrated that TL1A has distinct functions when expressed as a 

membrane-bound and soluble cytokine. TL1A cleavage is also cell-type dependent, adding 

another layer of regulation to the differential expression kinetics of TL1A in T cells and DCs 

that we have previously shown [27]. We found both cell-type and organ-specific differences 

in the effects of TL1A in vivo.

In the small intestine, soluble TL1A can efficiently induce type 2 inflammatory cytokines, 

goblet cell hyperplasia, and transcriptional responses. The effects of TL1A on small 
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intestinal IL-13 expression and goblet cell hyperplasia are independent of DR3 expression 

on T cells. TL1A has previously been shown to be a potent costimulator of group 2 innate 

lymphoid cells leading to IL-13 production [15, 16]. Our results suggest that soluble TL1A 

may costimulate ILC2 more efficiently than the membrane restricted form.

In contrast to the small intestine, we report here for the first time that membrane bound 

TL1A can promote production of pro-inflammatory cytokines IL-13, IL-17 and IL-9 in the 

lung, dependent on expression of DR3 by T cells. Infusion of soluble TL1A did not cause 

detectable elevation of these inflammatory T-cell-dependent cytokines, indicating that 

increased expression of membrane bound TL1A in the absence of the soluble form of this 

cytokine triggers these T-cell-dependent effects. This conclusion is further supported by the 

greater number of differentially expressed genes found by transcriptomic analysis in lung 

tissue from Mem TL1A transgenic mice compared to the Mem+Sol line.

Differences in the signaling of membrane bound and soluble forms of TL1A between organs 

was further demonstrated by chronic delivery of soluble TL1A via an osmotic pump which 

induced IL-13 and goblet cell hyperplasia in the ileum but had no effect in the lung or on 

splenic T cells. The effect observed in the ileum was considerably less than that seen in the 

transgenic mice, but still present. This is most likely due to their shorter exposure to chronic 

soluble TL1A. Whilst this does not rule out the possibility of soluble TL1A being able to 

stimulate T cells, it does indicate that the phenotype observed in the ileum requires a much 

lower dose of soluble TL1A and suggests ILC2s have a heightened ability to respond to 

TL1A compared to T cells.

Interestingly, we were unable to see any evidence of the recently reported anti-proliferative 

effect of TL1A on B cells in either transgenic mouse strain [25]. By contrast, we saw an 

elevated number of germinal center B cells in the spleen as well as an elevation in the levels 

of multiple immunoglobulins in the serum. This increase was most apparent in the Mem+Sol 

TL1A transgenic line, but of those B cell phenotypes that were also elevated in the Mem 

TL1A transgenic line, many were reduced or ablated in the absence of DR3 on T cells. The 

strong increase in IgE and IgA levels in Mem+Sol TL1A transgenic mice may suggest that 

TL1A is able to promote Th2 skewing in vivo, though this would likely be indirect, as TL1A 

does not promote Th2 differentiation in vitro [26] Of note, elevated IgA was not fully 

resolved when T cells lacked DR3 expression. This is particularly interesting because we 

also found elevated IgA in mice treated with soluble TL1A, where no T cell-dependent 

effects were observed. Taken together, these data suggest that TL1A can promote GC B cell 

formation and immunoglobulin production in a predominantly T cell dependent manner, but 

there is some effect of TL1A acting independently of T cells on specific immunoglobulin 

levels. Further, this effect appears to be enhanced by the presence of soluble TL1A. At this 

stage, it is not possible to determine whether T cell-independent effects of TL1A on B cell 

phenotypes are a consequence of TL1A acting on the ileum, on another responding cell type, 

or directly on B cells.

There are multiple potential mechanisms by which membrane bound and soluble forms of 

TL1A may signal differently. A simple explanation could be spatial separation of the 

membrane restricted form of the ligand from responder cells. This spatial separation would 
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be bypassed by soluble TL1A. A further reason for differential signaling may be due to 

differential expression of DR3 isoforms. Previous work has demonstrated that alternative 

splicing of DR3 occurs in response to T cell activation [28]. We have observed that the 

shorter isoform of DR3 that lacks exon 6 shows a reduced affinity for soluble TL1A 

compared to the full length DR3 isoform (unpublished observations JRF and AAS). If 

different cell types at rest express alternative isoforms of DR3, this may explain the observed 

bias for soluble TL1A to preferentially affect ILC2s. Another possible explanation for 

differences in the effect of stimulation could be different orders of clustering between TL1A 

in a cleaved soluble form and a membrane bound form, but we were unable to corroborate 

this possibility (data not shown). Finally, attenuation of the cytokine response in the lungs of 

Mem+Sol TL1A transgenic mice compared to Mem TL1A transgenic mice suggests that, at 

least in this setting, soluble TL1A may be able to act as a competitive inhibitor of 

membrane-bound TL1A signaling through DR3 on T cells. Alternatively soluble TL1A may 

trigger an anti-inflammatory profile through specific stimulation of Tregs or production of 

anti-inflammatory cytokines, although there is no difference in the proportion of splenic 

Tregs between the Mem and Mem+Sol TL1A transgenic mouse lines.

Overall, our results suggest that although there is overlap between the functions of 

membrane bound vs. soluble TL1A, membrane TL1A appears to act on T cells more 

efficiently in vivo, whereas soluble TL1A exerts its effects primarily through innate 

lymphoid cells. As therapeutic agents can be designed to differentially affect soluble and 

membrane bound forms of TNF and other TNF superfamily cytokines [29], a better 

understanding of the differential roles of membrane versus soluble TL1A in physiological 

and pathological immune responses may help guide development of therapeutic agents 

against TL1A, which have been considered in multiple diseases [1, 2].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TL1A is differentially cleaved dependent upon the cell of origin.
A Total T cells were purified from C57BL/6 mouse spleens and activated with anti CD3 and 

anti CD28 for 48 hours. BMDC were activated with LPS. Surface expression of TL1A was 

measured by flow cytometry at the indicated time points with anti TL1A (blue line) and 

compared to an isotype control (red line). B Supernatants were taken from cells stimulated 

as in A (Stim) or cultured for the same amount of time (No Stim) without activation (IL-7 

for T cells or GM-CSF for BMDCs) and levels of soluble TL1A measured. C Splenic CD4+ 

naive T cells from Mem+Sol and Mem TL1A transgenic mice. TL1A surface expression 
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was compared as for A on naive (CD62LhighCD44lowCD25-) CD4+ T cells. D Levels of 

TL1A in the serum from 12 week-old TL1A transgenic mice and WT controls. E CD4+ 

transgenic T cells were activated as in A for 48 hours and soluble TL1A was measured in the 

supernatant. Bar indicates median. ** 0.01>P>0.001 using Mann Whitney test. N.D. not 

detected.
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Figure 2. Systemic and small bowel immune cell alterations and pathology induced by Mem vs. 
Mem+Sol TL1A transgenic mice.
TL1A transgenic mice from the indicated strain and WT littermates were taken at 12 weeks. 

A Total splenocytes were counted and the fraction of Tregs (CD4+ FoxP3+ of the CD4+ 

population) and effector T cells (CD44 high CD62L low CD4+ FoxP3- of the CD4+ 

population) were measured by flow cytometry. B Sections of the terminal ileum were stained 

with PAS. Scale bars are equal to 150µm. C The length of the small bowel was measured 

and the mean number of goblet cells calculated for at least 3 full in-plane villi per section. D 
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Cytokine levels as assessed by qPCR in the terminal ileum. Bar indicates median. * 

0.05>P>0.01 ** 0.01>P>0.001 using Mann Whitney test.
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Figure 3. Altered cytokine profiles in the lungs of TL1A transgenic mice.
qPCR was performed for the indicated cytokines on RNA isolated from the postcaval lobe of 

the lung. Bar indicates median. * 0.05>P>0.01 ** 0.01>P>0.001 using Mann Whitney test.
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Figure 4. Transcriptional analysis of TL1A transgenic mice.
RNA-Seq was carried out on the ileum and lung from WT, Mem or Mem+Sol mice. A RNA-

Seq results from Mem and Mem+Sol were compared to WT mice using DESeq2, and the 

number of genes with an absolute log2 fold-change in expression greater than 1 between 

each TL1A transgenic strain and WT were enumerated for both ileum and lung. The positive 

extreme of the bar indicates the number of genes upregulated and the negative 

downregulated in the indicated strain and tissue with respect to WT. B Genes resulting from 

the differential comparisons in A were ranked according to the inverse of the unadjusted p 

value with the sign of the log2 fold-change and a gene set enrichment analysis was run 

against the hallmarks data set of MSigDB. Only pathways with FDR less than 0.05 are 

plotted. The normalized enrichment score (NES) is plotted for each pathway relative to WT. 

Bars are colored according to the strain examined. C A differential expression analysis was 

carried out using DESeq2 for Mem+Sol relative to Mem. Numbers of genes filtered as for A 

were plotted in the same manner. D The normalized counts of Csn2 and Csn3 from the 
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complete dataset. E GSEA for the differential expression analysis from C was carried out as 

for B. Color of the bar indicates the organ of origin. A positive NES indicates enrichment in 

Mem+Sol mice and a negative NES indicates enrichment in Mem mice.
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Figure 5. Chronic soluble TL1A promotes small bowel but not systemic pathology.
Mice were continually infused with soluble recombinant TL1A for 6 weeks at 500 ng/day. A 
The Treg percentage of total CD4+ T cells and the CD44 high CD62L low percentage of 

CD4+ FoxP3- cells in the spleen. B The length of the small intestine was measured and 

sections made from the terminal ileum. These were subsequently scored for goblet cells per 

villi and the mean of at least 3 in-plane villi per section depicted. C qPCR analysis of 

cytokines from the terminal ileum. D Sections of the terminal ileum were stained with PAS; 

scale bars are equal to 150µm. Bar indicates median. * 0.05>P>0.01 ** 0.01>P>0.001 **** 

P>0.0001 using Mann Whitney test. Data combined from 2 independent experiments.
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Figure 6. Systemic effects conferred by direct T cell DR3 signaling in TL1A transgenic mice.
A membrane restricted TL1A transgenic strain was crossed with a T cell conditional DR3-

deficient strain. Phenotypes of the indicated strains were examined at 12 weeks of age. A T 

cell populations were examined within the spleen. The proportion of CD44 high CD62L low 

cells within CD4+ FoxP3- cells was examined. Proportion of Tregs (CD4+ FoxP3-) and Tfh 

cells (CD4+ ICOS+ CD40L+ PD1+ CXCR5+) within total CD4+ splenocytes was 

examined. B Serum was collected at 12 weeks of age, and total levels of the indicated 

antibody isotypes examined.
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Figure 7. T cell DR3 is required for pathology in the lung but not the ileum in TL1A transgenic 
mice.
qPCR analysis for the indicated cytokines was performed at 12 weeks of age on RNA 

isolated from the terminal ileum (A) and postcaval lobe of the lung (B). Bar indicates 

median. ** 0.01>P>0.001, *** 0.001>P>0.0001, **** P<0.0001 using Mann Whitney test.
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