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Direct signaling of TL1A‑DR3 
on fibroblasts induces intestinal 
fibrosis in vivo
Noam Jacob1,2*, Kotaro Kumagai3, Jay P. Abraham3, Yosuke Shimodaira3, Yuefang Ye3, 
Justin Luu3, Anna Y. Blackwood3, Sofi L. Castanon3, Dalton T. Stamps3, Lisa S. Thomas3, 
Rivkah Gonsky3, David Q. Shih3, Kathrin S. Michelsen3 & Stephan R. Targan3

Tumor necrosis factor-like cytokine 1A (TL1A, TNFSF15) is implicated in inflammatory bowel disease, 
modulating the location and severity of inflammation and fibrosis. TL1A expression is increased 
in inflamed mucosa and associated with fibrostenosing Crohn’s disease. Tl1a-overexpression in 
mice causes spontaneous ileitis, and exacerbates induced proximal colitis and fibrosis. Intestinal 
fibroblasts express Death-receptor 3 (DR3; the only know receptor for TL1A) and stimulation with 
TL1A induces activation in vitro. However, the contribution of direct TL1A-DR3 activation on 
fibroblasts to fibrosis in vivo remains unknown. TL1A overexpressing naïve T cells were transferred 
into Rag−/− , Rag−/− mice lacking DR3 in all cell types (Rag−/−Dr3−/−), or Rag−/− mice lacking DR3 only on 
fibroblasts (Rag−/−Dr3∆Col1a2) to induce colitis and fibrosis, assessed by clinical disease activity index, 
intestinal inflammation, and collagen deposition. Rag−/− mice developed overt colitis with intestinal 
fibrostenosis. In contrast, Rag−/−Dr3−/− demonstrated decreased inflammation and fibrosis. Despite 
similar clinical disease and inflammation as Rag−/−, Rag−/−Dr3∆Col1a2 exhibited reduced intestinal fibrosis 
and attenuated fibroblast activation and migration. RNA-Sequencing of TL1A-stimulated fibroblasts 
identified Rho signal transduction as a major pathway activated by TL1A and inhibition of this 
pathway modulated TL1A-mediated fibroblast functions. Thus, direct TL1A signaling on fibroblasts 
promotes intestinal fibrosis in vivo. These results provide novel insight into profibrotic pathways 
mediated by TL1A paralleling its pro-inflammatory effects.

Death Domain Receptor 3 (DR3; TNFRSF25) is the only know receptor for TL1A (TNFSF15)1–3. This cytokine-
receptor pair controls a vast array of cellular effects, including propagation of inflammatory functions, adaptive 
immune cell expansion, and regulation of cell development and apoptosis: DR3 can upregulate NF-KB-dependent 
anti-apoptotic proteins such as c-IAP24. Furthermore, it can promote T cell inflammatory responses and cytokine 
production5–7. In contrast, DR3’s developmental and regulatory functions include induction of FADD- and 
caspase-8-dependent apoptosis and thymic negative selection8,9. These diverse functions are compounded by the 
variety of cells that can elaborate TL1A in response to multiple stimuli: dendritic cells/macrophages responding 
to bacterial and immune complexes; endothelial cells induced by IL-1β and TNFα; as well as lymphoid lineage 
cells10–13.

Pertaining to IBD, genetic variants of TNFSF15 show elevated TL1A host expression, and are associated with 
a severe Crohn’s Disease (CD) phenotype that features intestinal fibrostenosis and need for surgery14–16. Consist-
ent with human IBD, TL1A transgenic mice develop spontaneous ileitis and intestinal collagen deposition that 
is exaggerated under colitigenic conditions and results in severe inflammation and fibrosis17–19. Neutralizing 
anti-TL1A monoclonal antibodies attenuate these effects, reducing inflammation severity and reversing colonic 
fibrosis with reduced colonic fibroblast activation and lower expression of CTGF, TGFβ1 and IGF-120,21.

Concerning the potential profibrotic effects of TL1A-DR3 signaling, pan-DR3-deficient mice harbor fewer 
colonic fibroblasts and decreased fibroblast activation, suggesting that DR3 is required for fibroblast development 
and function21. It has not been determined, however, if the reductions in fibroblast activation with pan-DR3-
dificiency are due to absence of direct TL1A-DR3 signaling on fibroblasts, rather than due to that on other cells 
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such as regulatory T cells, which can activate fibroblasts through the TGFβ pathway. DR3 signaling on Tregs 
promotes their proliferation and DR3-deficient mice have fewer Tregs22,23. It is therefore possible that deletion 
of DR3 on T cells may partly explain the reduction in myofibroblasts previously observed in Dr3−/− mice21.

To evaluate the contribution of direct TL1A-DR3 signaling on fibroblasts to TL1A-mediated fibrosis in vivo, 
we used the adoptive T cell transfer model of colitis with TL1A over-expressing naïve T cells (Tl1a-Tg) in fibro-
blast-selective DR3-deficient, Rag−/− mice (Rag−/−Dr3∆Col1a2). DR3-sufficient-, and pan-DR3-deficient-Rag−/− mice 
were used as controls. In contrast to DR3-deficient hosts, which displayed attenuated clinical and histological 
disease parameters, Rag−/−Dr3∆Col1a2 recipients demonstrated a severe inflammatory disease phenotype. Despite 
this inflammation, however, selective fibroblast-loss of DR3 mitigated intestinal fibrosis and decreased activation 
of fibroblasts and fibroblast functions. These data demonstrate that in vivo, loss of direct TL1A-DR3 signaling 
on fibroblasts reduces TL1A-mediated intestinal fibrosis even in the presence of significant inflammation. These 
results may have important ramifications for clinical fibrosis and underscore the importance of TL1A acting in 
parallel as a facilitator of fibrosis and promotor of inflammation.

Results
Recipient pan‑DR3‑deficiency, but not fibroblast‑selective‑DR3‑deficiency, reduces disease 
activity, colonic gross pathology, and histopathological inflammation in adoptive transfer 
colitis.  As TL1A overexpression promotes inflammation, both spontaneously and exaggerated under coli-
togenic conditions via adoptive T cell transfer, we sought to determine the effects of abrogating TL1A-DR3 
signaling in adoptive transfer recipients. Consistent with previous studies, adoptive transfer of Tl1a-Tg naïve 
T cells into Rag−/− recipients resulted in significant weight-loss beginning at week 3 after transfer. This weight-
loss was accompanied by development of loose and bloody stools, and reflected in a high disease activity index 
(DAI) (Fig. 1A–D). Compared with Rag−/− recipients, Rag−/−Dr3−/− recipients displayed decreased severity in 
these disease parameters, with a reduction in initial weight-loss and significantly less loose stools, stool blood 
and DAI by week 6 after transfer.

The reduction in clinical disease activity imparted by pan-DR3-deficient recipients was mirrored in their 
gross- and histopathology scores. Rag−/− recipients developed notable colonic edema, hyperemia, and shortening 
in the setting of TL1A-mediated colitis. This gross pathology was most pronounced in the cecum, consistent with 
the previously documented proximal drift imparted by TL1A-exacerbated colitis. In contrast, Rag−/−Dr3−/− recipi-
ents had notably reduced gross pathology and a trend towards less colonic shortening (Fig. 1E).

As the cecum was most involved on gross pathology, and in prior studies, we next evaluated microscopic his-
topathological inflammation by H&E. Rag−/− recipients developed severe inflammatory cell infiltrates extending 
into the submucosa and transmurally, along with widespread crypt architectural destruction. Rag−/−Dr3−/− recipi-
ents developed a more moderate degree of cellular infiltrates and, although crypt architectural distortion was 
noted, it was not as extensive as in DR3-intact Rag−/− recipients (Fig. 1F). These data demonstrate that in the 
context of TL1A-mediated exacerbated colitis, recipient DR3-deficiency mitigates clinical and histopathological 
disease elements.

To evaluate the direct effects of TL1A-DR3 signaling on fibroblasts in vivo in the context of experimental 
IBD, we generated Rag−/− mice with selective DR3-deficiency on fibroblasts (Rag−/−Dr3∆Col1a2) and induced TL1A-
exacerbated colitis, as above. We tested the hypothesis that in virtue of selective DR3 deficiency on fibroblasts, 
but otherwise intact DR3 signaling on other cell types, colitis would progress as in DR3-intact Rag−/− recipients. 
Indeed, Rag−/−Dr3∆Col1a2 recipients of TL1A-Tg T cells developed as severe clinical disease activity as Rag−/− recipi-
ents; and like Rag−/− recipients, demonstrated relative heightened severity of disease compared with pan-DR3-
deficient recipients (Fig. 1A–D). In contrast to recipient pan-DR3-deficiency, selective DR3-deficiency did not 
modulate colonic gross pathology, as Rag−/−Dr3∆Col1a2 recipients displayed marked edema and hyperemia, also 
most notably in the cecum (Fig. 1E). As in Rag−/− recipients, the gross pathology observed in Rag−/−Dr3∆Col1a2 
recipients was significantly more severe than in Rag−/−Dr3−/− recipients, and the intensity of cecal gross pathology 
reflected an underlying histopathology replete with inflammatory cell infiltration and crypt destruction (Fig. 1F).

Fibroblast‑selective DR3‑deficiency attenuates intestinal fibrosis in adoptive transfer colitis 
despite significant histopathological inflammation.  While recipient pan-DR3-deficiency improved 
elements of disease activity and inflammation, a reduction in inflammation does not necessarily equate with 
a reduction in fibrosis, as has been observed in many fibrostenosing CD patients treated with steroids or 
immunomodulators24,25. However, since TL1A antagonism reduces fibrosis experimentally, we hypothesized 
that abrogation of TL1A-DR3 signaling in recipients would result in a reduction in collagen deposition along 
with the attendant improvement in inflammation noted above. Using Sirius red staining of intestinal sections, we 
quantified collagen deposition using Image J software (imagej.nih.gov), as previously described (and depicted 
in Supplementary Fig. 2)21,36,58. This method allows for automated color selection of Sirius Red-stained regions 
and provides quantitative values for the area of tissue stained. We confirmed that recipient pan-DR3-deficiency 
significantly reduces collagen deposition as evidenced by an average total area of 4.9% ± 1.3 Sirius Red in the 
cecum of Rag−/−Dr3−/− recipients compared with 8.3% ± 2.5 in DR3-sufficient Rag−/− recipients (Fig. 2). This was 
seen with notable reduction in thickness of submucosal collagen sections and in submucosal inflammatory cell 
infiltrates.

As pan-DR3-deficient recipients developed less severe inflammation and fibrosis, we asked if the effects of 
TL1A-mediated inflammation and fibrosis could segregate at the level of DR3 signaling on fibroblasts. We thus 
evaluated intestinal collagen deposition in Rag−/−Dr3∆Col1a2 recipients, which developed severe inflammatory 
colitis. Although there was still notable sub-mucosal area occupied by inflammatory cells, there was a decrease 
in the overall density of collagen deposition in Rag−/−Dr3∆Col1a2 recipients compared with Rag−/− recipients, as 
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shown in Fig. 2. Quantitatively, Rag−/−Dr3∆Col1a2 recipients displayed significantly less collagen deposition in 
the cecum, with 5.9% ± 1.7 area of Sirius red compared with 8.3% ± 2.5 in Rag−/− recipients (Fig. 2). These data 
underscore the importance of TL1A as a fibrotic mediator acting in parallel to its pro-inflammatory role. They 
further suggest that TL1A may have specific effects depending on cell-type. Thus, abrogation of direct TL1A 
signaling on fibroblasts significantly reduces fibrosis despite pronounced inflammation resulting from TL1A 
overexpression and signaling on other cell-types.

Fibroblast‑selective DR3‑deficiency reduces mucosal fibroblast activation.  While TL1A 
induces, and pan-DR3-deficiency reduces, fibroblast activation in vitro and in vivo, the effects of TL1A-overex-
pression or DR3-deficiency on fibroblast activation in the context of experimental IBD has not be established. 
Moreover, it has not been determined if the reduction in fibroblast activation in vivo due to pan-DR3-deficiency 
are due to absence of direct TL1A-DR3 signaling specifically on fibroblasts, rather than due to that on other cell 
types that promote fibroblast activation, as mentioned earlier. To address these issues, we examined fibroblast 

Figure 1.   Fibroblast-selective DR3 deficiency results in severe disease activity: (A–D) Percent body weight loss, 
stool consistency, stool blood, and composite disease activity index are shown for the adoptive transfer model of 
colitis, at indicated time points for transfers of naïve Tl1a-Tg T cells into Rag−/−, Rag−/−Dr3−/−, or Rag−/−Dr3∆Col1a2 
mice. Data are represented as means ± SEM; * indicates p < 0.05, **p < 0.01 Rag−/−Dr3−/−vs Rag−/−; # indicates 
p < 0.05 Rag−/− Dr3−/− vs Rag−/−Dr3∆Col1a2; n = 9–10 mice per group. (E–F) Representative gross colonic 
specimens, quantitated macroscopic pathology scores, and colon lengths; representative H&E cecal sections 
and quantitated histopathological scores are shown; * indicates p < 0.05, **p < 0.01. Pooled data of 3 independent 
experiments are represented.
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activation in the context of fibroblast-selective DR3-deficiency under colitogenic conditions in the adoptive 
T cell transfer model. Consistent with previous results, pan-DR3-deficient hosts demonstrated reduced total 
numbers of myofibroblasts and percentage of fibroblast activation in cecal sections from colitic mice (Fig. 3). 
Notably, abrogation of TL1A-DR3 signaling selectively on fibroblasts also resulted in a significant reduction in 
myofibroblast number and relative fibroblast activation, while maintaining total fibroblast numbers. This sug-
gests that direct TL1A-DR3 signaling on fibroblasts during colitis significantly contributes to fibroblast activa-
tion into myofibroblasts.

Fibroblast‑selective DR3‑deficiency attenuates fibroblast migration ex vivo.  As selective DR3-
deficiency reduced fibroblast activation in vivo despite the presence of significant inflammation, we sought to 
evaluate additional functional phenotypes of colonic fibroblasts isolated from these colitic mice ex vivo. The abil-
ity of effector cells to migrate to and remain in sites of disease activity has become increasingly relevant for thera-
peutic targeting. Adhesion and migration of fibroblasts have been used as markers of functional responses in 
these cells and may be relevant to their production and maintenance of fibrotic processes. We observed no differ-
ences in fibroblast adhesion after 20 min or 80 min for cells obtained from either Rag−/−Dr3−/− or Rag−/−Dr3∆Col1a2 
adoptive transfer recipients compared with Rag−/− recipients (Fig. 4A).

While TL1A has been shown to enhance WT fibroblast wound closure in vitro, other “inflammatory” 
cytokines released during colitis may partly diminish fibroblast migration26. Thus, it was important to evalu-
ate the migratory capacity of fibroblasts in response to TL1A-exacerbated colitis both in the context of severe 
inflammation seen in Rag−/−Dr3∆Col1a2 recipients, as well as during relatively reduced inflammation seen in 
Rag−/−Dr3−/− recipients. Fibroblasts isolated ex vivo from colitic Rag−/−Dr3−/− or Rag−/−Dr3∆Col1a2 recipients 
demonstrated significantly reduced migration 8 h after simulated wound compared with DR3-intact fibroblasts 
isolated from colitic Rag−/− recipients (Fig. 4B). These data suggest that TL1A-DR3 activation of fibroblasts in vivo 
promotes functional responses during varying states of inflammation, as these differences were apparent from 
fibroblasts isolated ex vivo from mice with differing degrees of colitis.

Figure 2.   Fibroblast-selective DR3-deficiency attenuates intestinal collagen deposition: Representative Sirius 
red staining of collagen deposition in cecal sections and quantitated percent mucosal area by ImageJ software 
shown for the adoptive transfer model of colitis of Rag−/−, Rag−/−Dr3−/−, or Rag−/−Dr3∆Col1a recipient mice. 
* indicates p < 0.05, **p < 0.01; ns indicates not significant. Pooled data of 3 independent experiments are 
represented.
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Transcriptomic analysis of Tl1a‑stimulated intestinal fibroblasts identifies cytoskeletal con‑
traction‑related genes and the Rho signaling pathway.  Given that selective loss of DR3 on fibro-
blasts attenuated fibroblast function ex  vivo in the context of TL1A overexpression, we explored potential 
molecular pathways by which direct TL1A signaling on fibroblasts might induce these functional effects. In 
previous studies, TL1A directly induced collagen expression and αSMA in cultured WT fibroblasts after short 
exposure of 4 h21. To identify pathways relevant to ex vivo assays above (and our previously published findings), 
we performed transcriptomic analysis of primary intestinal WT fibroblasts treated with exogenous Tl1a in vitro 
for 24 h. We identified a total of 168 differentially expressed genes between treated and untreated pairs; 133 
up-regulated, and 35 down-regulated in response to TL1A (Fig. 5A). To validate individual genes in our initial 
cohort, we utilized an independent cohort of TL1A-treated and untreated pairs of primary intestinal fibroblasts 
isolated from age- and sex-matched wild-type mice. We confirmed significantly increased fibroblast expression 
of LPP, SYNE2, FAT1, AHNAK, ATR, and RANBP2 in direct response to TL1A (Fig. 5B). In previous studies, 
these genes have notable impact on cell migration, particularly in the context of malignancy, but they have not 
been demonstrated in the context of inflammatory bowel disease, intestinal fibrosis, or resulting from direct 
TL1A signaling27–30. To uncover relevant biological functions of this TL1A-induced transcriptomic profile, we 

Figure 3.   Fibroblast-selective DR3-deficiency reduces intestinal fibroblast activation: (A) Immunofluorescent 
staining of vimentin (green) and αSMA (red) from cecal sections of adoptive transfer Rag−/−, Rag−/−Dr3−/−, 
or Rag−/−Dr3∆Col1a2 recipient mice. White arrows denote myofibroblasts that co-localize vimentin and αSMA 
at 400× magnification. (B) Total numbers and percentage of myofibroblasts over total vimentin-positive cells 
per mm2 of tissue area were quantitated in an automated fashion by TissueGnostics software and displayed; * 
indicates p < 0.05, **p < 0.01; ns indicates not significant.
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performed genetic ontology enrichment analysis that yielded multiple biological processes involved in cytoskel-
etal organization, cell motility and contraction—most notably the Rho signal transduction pathway (Fig. 5C; 
Supplementary Table 1).

Inhibition of Rho signaling pathway via Rho‑associated coiled coil‑forming protein kinase 
(ROCK) modulates intestinal fibroblast functions in vitro.  The small GTP-binding proteins belong-
ing to the Rho family regulate signaling pathways that play key roles in formation of actin stress fibers and 
focal adhesions, cytoskeletal rearrangements, cell morphology, cell motility and contraction31,32. Rho-associated 
coiled coil-forming protein kinase (ROCKs) were the first downstream effectors of Rho to be discovered as 
important factors regulating these functions. Selective ROCK inhibition with Y-27632 impairs cell contraction, 
motility and cytoskeletal morphology in a variety of cell types, but has not been evaluated in the context of 
TL1A overexpression33–35. As the Rho pathway was associated in TL1A-stimulated fibroblasts, we sought to 
evaluate the effects of Y-27632-ROCK inhibition with regards to fibroblast functional aspects enhanced by TL1A 
upregulation. We initially utilized fibroblasts isolated from Tl1a-Tg mice that have been shown previously to 
have enhanced fibroblast functions in vitro36. Consistent with previously published studies, ROCK inhibition 
promoted a trend towards reduced migration and impacted the morphology of fibroblasts isolated from Tl1a-
Tg mice, particularly noticeable in migrating cell protrusions (Fig. 6A)33–35. Untreated fibroblasts demonstrated 
wide extensions in the direction of migration with broad cellular composition, whereas when Rho kinase was 
inhibited, cells extended thin dendritic processes and exhibited narrow cytoskeletal networks, but still main-
tained interconnectivity (Fig. 6A). Considering these morphological changes and the known functions of ROCK 
in cytoskeletal contraction, as well as the importance of this function in fibrosis, we next evaluated the effects 
of ROCK inhibition in a widely-used collagen contraction assay using three-dimensional cultures of fibroblasts 
embedded in collagen type I gels. Gel contraction experiments revealed that ROCK inhibition significantly 
decreased contraction of collagen type I gel by fibroblasts isolated from Tl1a-Tg mice (Fig. 6B). To determine 
the direct effect of TL1A on fibroblasts in this context, WT or DR3−/− fibroblasts were treated with either mouse 

Figure 4.   Fibroblast-selective DR3-deficiency attenuates intestinal fibroblast migration ex vivo: (A) Number 
of adherent cells/visual field indicated during adhesion assays at time points of 20 min and 80 min for 
fibroblasts isolated ex vivo from adoptive transfer Rag−/−, Rag−/−Dr3−/−, or Rag−/−Dr3∆Col1a2 recipient mice. (B) 
Representative images of gap-closure assay after simulated wound on fibroblasts isolated ex vivo from adoptive 
transfer Rag−/−, Rag−/−Dr3−/−, or Rag−/−Dr3∆Col1a2 recipient mice at initial wound (t0) and 8 h after migration (t8) 
with relative % area of gap closed quantitated; representative of 3 independent experiments; * indicates p < 0.05.
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recombinant TL1A, Y-27632-ROCK inhibitor, or both. Gel contraction experiments revealed increased col-
lagen matrix contraction by WT fibroblasts exposed to TL1A, in contrast to DR3−/− fibroblasts that showed no 
response to TL1A treatment (Fig. 6C). Y-27632 effectively abrogated the contraction of fibroblasts. Importantly, 
WT fibroblasts treated with both TL1A and Y-27632 demonstrated further reduction in contraction, suggesting 
that TL1A potentiates the effect of the ROCK inhibitor Y-27632 through upregulation of this pathway. Namely, 
as TL1A upregulates the Rho signaling pathway, there is more potential target available for Y-27632 to exert its 
effects. This is further affirmed by the fact that TL1A-unresponsive DR3−/− fibroblasts did not show any differ-
ence in contraction when treated with Y-27632 alone vs. with Y-27632 and TL1A together (Fig. 6C). These results 
support the direct effect of TL1A-DR3 signaling in fibroblasts via this pathway and serve as important prospects 
for mechanistic links between TL1A’s direct effect on fibroblasts and intestinal fibrosis in Crohn’s disease.

Figure 5.   Transcriptomic analysis of Tl1a-stimulated intestinal fibroblasts identifies cytoskeletal contraction-
related genes and the Rho signaling pathway: (A) Heatmap generated from transcriptome analysis of isolated 
cecal fibroblasts from three individual mice shown as untreated (a, b, c) and Tl1a-treated (a + Tl1a, etc.) pairs; 
BRB array tools, (brb.nci.nih.gov/BRB-ArrayTools). (B) Independent validation cohort was used to confirm 
several genes in the index group; matched pairs displayed as untreated (ut) or TL1A-treated fibroblasts with 
direct increase in expression for each sample shown, * indicates p < 0.05. (C) Genetic ontology pathway 
enrichment of differentially expressed genes induced by TL1A in (A).



8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18189  | https://doi.org/10.1038/s41598-020-75168-5

www.nature.com/scientificreports/

Discussion
Fibrosis often accompanies many chronic inflammatory diseases, but studies delineating the mechanisms respon-
sible for this process and distinct pathways from inflammation are warranted. The frequency of fibrosing Crohn’s 
disease is significant, with approximately 40% of patients developing clinically apparent strictures throughout 
their lifetime37. Despite anti-inflammatory therapy in the form of steroids, immunomodulators, or anti-TNF 
agents, the frequency of fibrostenosing complications has remained significant24,25. Studies evaluating targetable 
pathways that broach both inflammation and fibrosis are therefore acutely relevant. We reveal a novel mecha-
nism for TL1A-DR3 signaling directly contributing to intestinal fibrosis in parallel to its previously reported 
role in enhancing inflammatory responses. We provide insight into effects of TL1A on intestinal fibroblasts, 
demonstrating that TL1A functions directly at the level of DR3 signaling on fibroblasts by promoting activation, 
migration, and subsequent fibrosis (summarized in Table 1), as well as upregulating several genes involved in 
fibroblast functions.

Consistent with recent reports, we have confirmed here that DR3-deficiency reduces intestinal inflammation 
in experimental IBD38. We further demonstrate that reduction in inflammation in pan-DR3 deficient recipients 
was accompanied by a reduction in TL1A-induced intestinal fibrosis, an important feature of experimental IBD 
in our model (and reflecting human CD disease risk) that had yet to be corroborated in host-DR3-deficiency. 
In this context, TL1A-DR3 signaling could potentially contribute to intestinal inflammation and fibrosis in 

Figure 6.   Inhibition of Rho kinase pathway modulates morphology and function of intestinal fibroblasts: (A) 
Gap closure assay and morphology of migrating intestinal fibroblasts isolated from three individual Tl1a-Tg 
mice, in the presence (or absence) of 25uM ROCK inhibitor Y27632, shown as treated and un-treated pairs. 
Blue arrow denotes direction of migration with solid vs dotted line highlighting cell extensions at migrating 
front; upper panels 100× objective, lower panels 200× objective. (B) Collagen contraction assay of intestinal 
fibroblasts isolated and treated as in (A). (C) Collagen contraction assay of WT or DR3−/− intestinal fibroblasts 
treated with 100 ng/mL mouse recombinant Tl1a, 25uM ROCK inhibitor Y27632, or both. Data normalized to 
genotype control with bars representative of means; * indicates p < 0.05, **p < 0.01.
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both direct and indirect manners. DR3 was found to be expressed by Th2 cells and innate lymphoid cells (ILC) 
and was shown to enhance expansion of these cells or their ability to secrete Th2 and other pro-inflammatory 
cytokines. In these reports, intestinal pathology was shown to result from IL-13 produced by ILC2s upon TL1A 
stimulation, as well as IL-22 from ILC3s39,40. As the T cells transferred into pan-DR3-deficient mice were DR3-
intact, this raises the possibility that part of the reduction in inflammation in Rag−/−Dr3−/− recipients may be 
due to deletion of DR3 signaling on non-T cells such as ILCs, which have further been implicated recently in 
inflammatory models, including experimental IBD38,41. Moreover, the relative amount of TL1A expression in 
the transferred Tl1a-Tg CD4+ T cells has been shown to affect their pathogenicity in vivo. As these transferred 
T cells overexpress significant amounts of TL1A, they develop a more pronounced inflammatory, as opposed to 
regulatory, phenotype42. Adoptive transfer of DR3-deficient T cells would be useful to evaluate the contribution 
of DR3 signaling on T cells to intestinal inflammation and fibrosis in vivo.

While DR3 was intact on T cells in transferred mice, we also observed significant reductions in fibrosis in 
pan-DR3-deficient recipients, suggesting that a significant contribution to fibrosis in this model may be due to 
DR3 signaling in non-T cells. To evaluate one such potential-cell type, we generated fibroblast-selective DR3-
deficient recipients. We provide novel findings that direct TL1A-DR3 signaling on fibroblasts promotes intes-
tinal fibrosis in vivo, impacting fibroblast activation and functional phenotypes. It is notable that the effects on 
fibrosis contrasted inflammation, as Rag−/−Dr3∆Col1a2 recipients generated severe inflammatory responses due 
to TL1A overexpression, but still exhibited attenuation in intestinal collagen deposition and harbored reduced 
myofibroblasts that were limited in their migratory function.

The source of TL1A overexpression in our study was due to transfer of TL1A-Tg T cells. TL1A can be 
produced by various cell types such as macrophages, dendritic cells, and endothelial cells3,5,43. Interestingly, 
structural cells central to tissue remodeling, such as fibroblasts, may produce TL1A itself. Given their expres-
sion of DR3, TL1A production by fibroblasts could promote an autocrine feedback loop whereby they drive 
their own fibrotic processes independent of stimulation by adaptive immune cells. Indeed, synovial fibroblasts 
and intestinal myofibroblasts were found to be capable of producing TL1A after stimulation with inflammatory 
cytokines TNF-α or IL-1β44,45. Further studies with selective deletion of TL1A in fibroblasts may shed light on 
this potential contribution.

The most severe inflammation and fibrosis noted was in the cecum, consistent with our previous finding of 
fibrosis in TL1A overexpressing mice. In previous studies, the cecum was also the site of significant microbial 
dysbiosis where pro-fibrotic bacteria capable of affecting fibroblast phenotype were abundant36. As we have 
shown, the microbiome and TL1A both affect fibroblast functions. Studies evaluating the effect of the microbiome 
on fibrosis in the context of fibroblast-specific DR3-deficiency would therefore be highly informative to expand 
our understanding of these contributors to intestinal fibrosis.

With regards to direct cell-intrinsic effects of direct TL1A-DR3 signaling on fibroblasts, transcriptomic analy-
sis of primary intestinal fibroblasts treated with TL1A yielded differential expression of highly relevant genes 
and biological processes consistent with our observed in vivo and ex vivo results. We identified several novel 
TL1A-induced genes/pathways in intestinal fibroblasts associated with cytoskeletal organization, contraction, and 
motility. Accordingly, Lipoma-preferred partner, LPP, was recently associated with reduced survival and increased 
cancer-associated fibrosis in patients with ovarian cancer as it increases focal adhesion, stress fiber formation, 
and motility27,28. Spectrin repeat containing nuclear envelope protein 2, SYNE2, a nuclear outer membrane pro-
tein that binds cytoplasmic F-actin, is associated with muscular dystrophies and colorectal cancer46. Primary 
fibroblasts isolated from patients affected by SYNE2 mutations exhibited alterations in migration and other 
physiological properties30. Atypical cadherin 1, FAT1, is a member of the cadherin superfamily and functions as 
an adhesion molecule. AHNAK (also known as desmoyokin), is a scaffold protein that affects cell contractility 
via its interaction with F-actin. In previous studies, knockdown of either FAT1 or AHNAK significantly reduced 
cell migration and invasion29,47. Considering the cellular functions associated with these genes, their upregulation 
by TL1A serves to elucidate novel pro-fibrotic pathways in intestinal fibroblasts.

Importantly, Rho kinase signal transduction was the most significantly associated biological process in our 
analysis, and its inhibition attenuated TL1A-enhanced fibroblast function in vitro. This pathway has been inves-
tigated in cancer biology and recently in intestinal fibrosis48. In experimental colitis, ROCK inhibition reduced 
fibrosis by inhibiting myofibroblast accumulation, expression of profibrotic factors, and accumulation of fibrotic 
tissue without affecting clinical disease activity or histological inflammation—a similar disjunction between 
inflammation and fibrosis that we observed in our study. Notably, ROCK inhibition was effective at reducing both 
inflammation and fibrosis only in conjunction with anti-TNF treatment, which was suggested as an initial clinical 
application in humans: the combination of a novel anti-fibrotic small molecule with a proven anti-inflammatory 

Table 1.   Summary of in vivo (adoptive transfer colitis) and ex vivo (gap closure) experiments. + Indicates 
activity of parameter measured, ranging from +: mild activity, to ++++: severe activity. DAI disease activity 
index. *Indicates p < 0.05, **p < 0.01 vs Rag−/− ; #indicates p < 0.05 vs Rag−/−Dr3−/−.

Recipients

In vivo Ex vivo

DAI Gross pathology
Intestinal 
inflammation Intestinal fibrosis Fibroblast activation

Fibroblast 
migration

Rag−/− ++++ ++++ ++++ ++++ ++++ ++++

Rag−/−Dr3−/− ++** ++** ++* +** +** ++*

Rag−/−Dr3∆Col1a2 ++++# ++++# ++++# ++* ++* ++*
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biologic49. An attractive potential alternative, however, might be monotherapeutic targeting of TL1A, as it may 
impact downstream pathways relevant to intestinal fibrosis such as Rho signaling, as well as previously described 
inflammatory pathways, thereby providing simultaneous anti-inflammatory and anti-fibrotic effects.

Thus, our studies reveal mechanisms that underlie TL1A-DR3 antagonism as a potential source for thera-
peutics aimed at mitigating inflammation and fibrosis in IBD, as well as potentially other inflammatory/fibrotic 
diseases. The heterogeneity of patients with IBD in terms of the extent and type of inflammatory responses that 
underlie their clinical symptoms is increasingly relevant. Recognizing differential expression of TL1A, as well 
as its receptor DR3, in different patient populations and various cell types/tissues in these patients will become 
paramount in determining who may benefit most from treatments targeting this pathway.

In summary, we reveal novel functions of TL1A in promoting intestinal inflammation and fibrosis in vivo and 
extend the knowledge regarding its mechanistic biology to highlight its direct action on intestinal fibroblasts. 
These findings further emphasize the importance of TL1A signaling pathways of fibrosis in parallel to those of 
inflammation, and support its importance as a candidate target for therapy in fibrotic and inflammatory diseases.

Materials and methods
Mice.  LCK-CD2-Tl1a-GFP (L-Tg), Dr3−/−, DR3f./f were generated as previously described11,18,21. To gener-
ate Dr3∆Col1a2 mice, DR3f./f mice were bred to Col1alpha2-Cre+ mice50 generously provided by Dianhua Jiang, 
(Cedars Sinai Medical Center). Mice were then bred to Rag1−/− mice (The Jackson Laboratory, Sacramento, CA) 
to generate Rag−/−Dr3−/− or Rag−/−Dr3∆Col1a2 mice for adoptive transfer experiments. All mouse models were on 
C57BL/6 background.

Induction of chronic colitis, disease activity indexs, macroscopic and histopathological analy‑
ses.  The adoptive-transfer model of colitis was induced by intraperitoneal injection of 500,000 CD4+CD45RBhi 
naive T cells isolated from L-Tg mice to Rag1−/− mice; Rag−/−Dr3−/− or Rag−/−Dr3∆Col1a251. Mice used were age-
matched, male littermates co-housed under specific pathogen-free conditions in the Animal Facility at Cedars-
Sinai Medical Center (CSMC).

DAI was calculated as in previously published studies19. DAI score was determined twice a week for the 
adoptive-transfer model. Macroscopic evidence of inflammation was scored blinded to the mice genotype using 
the established classification20,51. Mucosal area of collagen deposition was identified by Sirius red staining using 
the NovaUltra Sirius Red Stain Kit according to manufacturer’s protocol (IHC World, Woodstock, MD). Stained 
gut sections were quantitated for the relative degree of fibrosis using ImageJ software (imagej.nih.gov), as previ-
ously described21.

Fibroblast assays.  Mouse primary colonic fibroblasts were isolated, and gap closure and adhesion assays 
performed, as previously described21,36: Equal numbers of fibroblasts per group (1 × 105 cells) were seeded in 
8 chamber slides and cultured for 24–48 h until a monolayer was formed. A scratch was created with a P200 
pipette tip. Cell debris was removed by washing cells with PBS and then cell-culture medium was replaced with 
time-lapse images taken after 8 h under an Olympus CK2 microscope at 100× objective. The area of the gap 
between the two migrating fronts of the cells was quantified using ImageJ software v1.53a and relative percent 
area of gap closed at the indicated time points was calculated as (area t0 − area tx)/area t0. For inhibitor assays, 
ROCK inhibitor Y27632 (Stemcell Technologies, Cambridge, MA) was added at a concentration 25 μM, as in 
recent publications34, for 12 h prior to simulated wound and then maintained during the migration period.

For fibroblast adhesion assays, an equal number of cells were seeded into 24-well plates and allowed to settle 
for either 20 or 80 min, after which the wells were washed twice with PBS to remove non-adherent cells. Adher-
ent cells were counted for 5 visual fields/well (representing four quadrants and the center of the well) at 200× 
magnification, then averaged. The average number of adherent cells per visual field is then displayed for each 
well, as described previously36.

Collagen gel contraction assays (Cell Biolabs, Inc, San Diego, CA) were performed according to the manu-
facturer’s protocol: Collagen cell contraction matrix was prepared by adding 2 parts cell suspension (at a con-
centration of 2 × 106 cells/mL of primary intestinal fibroblasts) and 8 parts of cold collagen gel working solution. 
0.5 mL of the cell contraction matrix was added to each well of a 24-well Cell Contraction Plate. The plate was 
then incubated at 37 °C and 5% CO2 for 1 h. After collagen polymerization, 1.0 mL of culture medium, with/
without mouse recombinant Tl1a (R&D Systems, Minneapolis, MN) at a concentration 100 ng/mL, or ROCK 
inhibitor Y27632 (Stemcell Technologies, Cambridge, MA) at a concentration 25 μM34, was added to the top of 
each collagen gel lattice. Contraction was monitored for 16–24 h and the collagen gel size change (contraction 
index) was imaged and calculated with ImageJ software.

Histological myofibroblast quantification.  Fibroblast and myofibroblasts were quantified by anti-
vimentin and anti-α-Smooth Muscle Actin immunofluorescence-stained OCT tissue sections. 4 µm frozen sec-
tions were fixed with 10% formalin, blocked in 10% BSA, 0.1% Triton X-100 TBST, and stained overnight at 
4 °C with primary antibodies: rabbit polyclonal anti-αSMA Ab (Abcam, Cambridge, MA) at 1:100 dilution and 
chicken polyclonal anti-Vimentin Ab (Abcam, Cambridge, MA) at 1:2000 dilution. Secondary antibody at 1:500 
dilution was added for 2 h at room temperature with donkey anti-rabbit IgG-Alexa-fluor-647 and goat anti-
chicken IgY-DyLight 488 (Abcam, Cambridge, MA). Fluorescent images were captured by the CSMC Imaging 
Core and analyzed using TissueGnostics TissueFAXS 200 system (Tissue Gnostics GmbH, Vienna, Austria) for 
cell-based counting of automatically recognized positive cells in a FACS-like manner of scattergram analysis, as 
described previously52,53.
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Transcriptome profiling of Tl1a‑stimulated fibroblasts and statistical analysis.  Mouse primary 
intestinal fibroblasts were isolated, as above, and cultured with or without mouse recombinant Tl1a at a concen-
tration 100 ng/mL for 24 h. Total RNA was isolated from cultured fibroblasts using Qiagen RNeasy Micro Kit 
according to the manufacturer’s protocol. RNAseq was performed by the UCLA Technology Center for Genom-
ics & Bioinformatics (TCGB, Los Angeles, CA). Libraries for RNA-Seq were prepared with Kapa Stranded Kit. 
The workflow consisted of mRNA capture, cDNA generation, and end repair to generate blunt ends, A-tailing, 
adaptor ligation and PCR amplification. Different adaptors were used for multiplexing samples in one lane. The 
data was sequenced on Illumina NextSeq500 for a single-read 50 bp run. Data quality check was done on Illu-
mina SAV. Demultiplexing was performed with Illumina Bcl2fastq2 v 2.17 program. The reads were mapped to 
the latest UCSC transcript set using Bowtie2 version 2.1.054 and the gene expression level was estimated using 
RSEM v1.2.1555. TMM (trimmed mean of M-values) was used to normalize the gene expression. Gene expres-
sion data were processed using BRB array tools (brb.nci.nih.gov/BRB-ArrayTools) and lumi package in R. The 
data were log2-transformed and normalized using quantile normalization. Genes with data missing exceeding 
50% or a log-ratio variation less than 80 percent were filtered out. Differential gene expression was determined 
by univariate paired T-test (with random variance model parameters: a = 1.65119, b = 38.60092, Kolmogorov–
Smirnov statistic = 0.01463) and percent of exact multivariate permutations test was computed based on 1000 
available permutations and a maximum allowed local false discovery rate < 0.2. Erichr: https://​amp.​pharm.​mssm.​
edu/​Enric​hr/ was used for pathway enrichment analysis of differentially expressed genes56,57. An independent 
validation cohort of matched pairs of fibroblasts was treated and sequenced as above, and used to confirm sev-
eral genes in the index group. Tests for statistical significance were determined using JMP Statistical Software 
(Cary, NC). Matched pair comparisons (Student’s paired T test) for normalized distributions of TMM values was 
performed, with Robust-fit regression analysis used in the case of non-normalized distributions. Clinical and 
histological group differences tested using standard methods depending on variables measured: Student’s t-test 
for comparisons between two groups or matched pairs, Mann Whitney test for comparisons between two groups 
requiring non-parametric testing. When indicated, 1-way Analysis of Variance (ANOVA) with Tukey’s honestly 
significant difference (HSD) test for multiple comparisons was used. In all settings, a p value of less than 0.05 
indicated a statistically significant difference in the parameter being compared.

Study approval.  This study was carried out in strict accordance with the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of Health. Animal studies were approved by the CSMC Animal 
Care and Use Committee, under IACUC protocol 4942.
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