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Abstract

Background—Pulmonary fibrosis is characterized by excessive accumulation of collagen and α-

smooth muscle actin (aSMA) in the lung. The key molecules that promote these phenotypes are of 

clinical interest.

Objectives—TSLP has been found at high levels in patients with asthma and idiopathic 

pulmonary fibrosis, and TSLP has been proposed as a primary driver of lung fibrotic disease. We 

asked whether TNFSF14 (aka LIGHT) controls TSLP production to initiate fibrosis.

Methods—Expression of TSLP and initiation of pulmonary fibrosis induced by bleomycin were 

assessed in mice deficient in LIGHT. The ability of recombinant LIGHT, given intratracheally to 

naïve mice, to promote TSLP and fibrosis was also determined.

Results—Genetic deletion of LIGHT abolished lung TSLP expression driven by bleomycin, 

accompanied by near-complete absence of accumulation of lung collagen and aSMA. 

Furthermore, recombinant LIGHT administered in vivo induced lung expression of TSLP in the 

absence of other inflammatory stimuli, and strikingly reproduced the primary features of 

bleomycin-driven disease in a TSLP-dependent manner. Blockade of LIGHT binding to either of 

its receptors, HVEM and LTβR, inhibited clinical symptoms of pulmonary fibrosis, and 

correspondingly both receptors were found on human bronchial epithelial cells, a primary source 

of TSLP. Moreover, LIGHT induced TSLP directly in human bronchial epithelial cells and 

synergized with IL-13 and TGF-β in vivo to promote TSLP in the lungs and drive fibrosis.

Conclusions—These results show that LIGHT is a profibrogenic cytokine that may be a key 

driver of TSLP production during the initiation and development of lung fibrotic disease.

Keywords

Pulmonary fibrosis; asthma; IPF; bronchial epithelial cell; TNFSF14; LIGHT; TSLP; HVEM

Corresponding Author: Michael Croft, PhD, Division of Immune Regulation, La Jolla Institute for Allergy and Immunology, 9420 
Athena Circle, La Jolla, CA 92037, USA, mick@lji.org Tel: 858 752 6731. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
J Allergy Clin Immunol. Author manuscript; available in PMC 2016 September 01.

Published in final edited form as:
J Allergy Clin Immunol. 2015 September ; 136(3): 757–768. doi:10.1016/j.jaci.2014.12.1936.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

Deregulated cellular and fibrotic activity in the lungs is characteristic of several 

inflammatory diseases including idiopathic pulmonary fibrosis (IPF), systemic sclerosis 

(SSc), asthma, and chronic obstructive pulmonary disease (COPD) (1–4). These features are 

thought to be primarily the result of a repair response to epithelial injury. When 

uncontrolled, they can lead to serious complications and sometimes death because of 

substantial deposition of extracellular matrix proteins (ECM) that essentially replace normal 

tissue with scar tissue (1–4). Pulmonary fibrosis can affect middle-aged and older adults and 

this is one of the most severe rheumatologic conditions since many patients live only 3 to 5 

years post-diagnosis and die of respiratory failure. Current treatments involve 

immunotherapy with corticosteroids (5), but there is a great need to define new targets for 

fibrosis intervention in general.

Fibrotic diseases involve infiltration of T cells as well as B cells, macrophages, eosinophils, 

and granulocytes to the fibrotic foci (2, 6), followed by the deposition of collagen, and 

production of other ECM proteins that may contribute in several ways to the overall fibrotic 

phenotype (7). In addition, accumulation of myofibroblast cells with smooth muscle 

characteristics, or hyperplasia of smooth muscle cells, is also seen in many responses that 

can further impede normal tissue elasticity and function. A number of factors may contribute 

to fibrosis including TGF-β that can directly promote production of ECM proteins by 

epithelial cells and fibroblasts and IL-13 that may activate macrophages to produce TGF-β 

as well as directly stimulate myofibroblasts, smooth muscle cells, and epithelial cells (3, 4). 

However, whether there are primary driver molecules that control inflammation and are also 

responsible for production of pro-fibrotic factors such as TGF-β and IL-13 has been unclear. 

Thymic Stromal LymphoPoietin (TSLP) has been suggested to be a master-switch that 

initiates allergic inflammation in the lung and other tissues, including in asthmatics (8). 

More recently, TSLP has also been implicated in controlling fibrotic activity in several 

model systems, including strongly contributing to asthma-like remodeling in the lungs. 

Indeed human bronchial epithelial cells from asthmatic airways and lung tissue from 

patients with IPF express high levels of TSLP (8–11). Furthermore, the forced expression of 

TSLP in lung epithelial cells of transgenic mice results in spontaneous asthma- and IPF-like 

inflammation in the lungs and significant fibrosis (8, 12). Although TSLP expression might 

be induced directly by allergens or epithelial damage, it remains a possibility that other 

molecules can be upstream of TSLP and represent primary drivers of this molecule to 

orchestrate the fibrotic process. Furthermore, similar mechanisms may operate in both 

allergic asthma as well as diseases such as IPF.

Previous work from our laboratory showed that the cytokine TNF superfamily protein 14 

(TNFSF14), known as LIGHT and CD258, strongly contributed to lung tissue remodeling in 

mice chronically challenged with allergen in models of severe asthma (13). Strikingly, we 

now show that a LIGHT-deficiency almost completely abrogated fibrotic activity in the 

lungs in another model induced by the epithelium-damaging antibiotic bleomycin, that 

produces symptoms of fibrosis reminiscent of those seen in the lungs in several diseases 

(14). Most interestingly, induction of LIGHT preceded that of TSLP, and LIGHT was 

required for TSLP expression. Importantly, injection of recombinant LIGHT into naïve mice 
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promoted TSLP, and phenocopied the deposition of collagen and accumulation of alpha 

smooth muscle actin that was induced by bleomycin. Moreover, TSLP receptor activity was 

required for LIGHT to drive collagen and alpha smooth muscle actin in the lung. In 

accordance, both receptors for LIGHT, LTβR and HVEM, were constitutively expressed on 

human bronchial epithelial cells and LIGHT directly promoted TSLP expression by these 

cells. Furthermore, LIGHT induced, and acted with, IL-13 and TGF-β, to drive maximal 

TSLP expression and fibrotic features in vivo. LIGHT may then be an attractive target for 

delaying the onset, or halting the progression, of fibrotic activity in IPF as well as other 

pulmonary diseases.

Materials and Methods

Mice

Six- to 8-week-old female WT, LIGHT−/− (originating from Dr. K. Pfeffer (15)), HVEM−/− 

(originating from Dr. K. Pfeffer (16)) or TSLPR−/− mice (originating from Dr. S. Ziegler 

(17)) were either purchased (Jackson Laboratories) or bred in house on the C57BL/6 

background. Six to 8-week old female WT BALBc or IL4Rα−/− mice on the BALBc 

background were purchased from Jackson Laboratories. All experiments were in compliance 

with the regulations of the La Jolla Institute for Allergy and Immunology Animal Care 

Committee in accordance with guidelines of the Association for the Assessment and 

Accreditation of Laboratory Animal Care.

Experimental protocols

For bleomycin experiments, mice were challenged with intratracheal bleomycin 0.2U/mouse 

(Sigma) and monitored for lung inflammation and fibrosis after 7 or 14 days. For LIGHT-

induced experiments, mice were given 10 μg of recombinant mouse LIGHT (1794-LT/CF, 

R&D Systems) or PBS on days 1 and 2 and sacrificed on day 3. For the neutralization of 

LIGHT-LTβR interactions, mice were administered 200 μg of anti-LTβR mAb (LLTB2) 

(18) given i.v. one day prior to injection of bleomycin or rLIGHT and every other day 

thereafter until the end of the experiment. The anti-LTβR mAb (LLTB2) specifically blocks 

the binding of LIGHT to LTβR, but does not disrupt interactions between LTβR and its 

other functional ligand LTα1β2 (18). For the neutralization of TGF-β signaling, mice were 

administered 300 μg of anti-TGF-β mAb (1D11, BioXCell) given i.p. one day prior to 

injection of rLIGHT and every other day thereafter until the end of the experiment.

Western Blot

Bronchoalveolar lavage (BAL) was performed by intratracheal insertion of catheter and 

lavaging with 0.8–0.9 ml of PBS. Soluble LIGHT production was assessed in the BAL by 

western blot analysis using anti-LIGHT mAb (clone MAB1794, R&D).

Quantitative real-time PCR

Lung samples were harvested at various times and total RNA was isolated using TRIzol 

reagent (Invitrogen). Single-strand cDNA was prepared by reverse transcribing 5 μg of total 

RNA using Transcriptor First Strand cDNA kit (Roche). For quantitation of LIGHT, 

Collagen, alpha Smooth Muscle Actin (aSMA), TGF-β, IL13, and TSLP, cDNA samples 
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were amplified in IQ SYRB Green Supermix (Bio-Rad Laboratories) using the following 

primer pairs: LIGHT: forward, 5′-ACA GCC TTC AGT GTT TGT GGT G-3′; reverse, 5′-

TCC GGT GGT TCT GTT CCA G-3′, Collagen: forward, 5′-GAG CCC TCG CTT CCG 

TAC TC-3′; reverse, 5′-TGT TCC CTA CTC AGC CGT CTG T-3′, aSMA: forward, 5′-

TCT CTA TGC TAA CAA CGT CCT GTCA-3′; reverse, 5′-CCA CCG ATC CAG ACA 

GAG TAC TT-3′, TGF-β: forward, 5′-CCC TAT ATT TGG AGC CTG GA-3′; reverse, 5′-

GGA AGC TTC GGG ATT TAT GG-3′, IL13: 5′-CTT GCC TTG GTG GTC TCG-3′, 

reverse, 5′-CGT TGC ACA GGG GAG TCT-3′, muTSLP: forward, 5′-TCG AGG ACT 

GTG AGA GCA AGC CAG-3′; reverse, 5′-CTG GAG ATT GCA TGA AGG AAT 

ACC-3′, huTSLP: forward, 5′-TAT GAG TGG GAC CAA AAG TAC CG-3′; reverse, 5′-

GGG ATT GAA GGT TAG GCT CTG G-3′. All samples were run in triplicate, and the 

mean values were used for quantification.

Collagen measurement

Formalin (4% in PBS) fixed lung sections were stained with Masson’s Trichrome to 

evaluate collagen using an image analysis system (Image-Pro Plus; Media Cybernetics) (19). 

For lung sections, over 50 images per section were acquired (on 10x objective) on a Nikon 

80i microscope and stitched on Photoshop to reconstitute the full lung. A defined area of 

interest (AOI) was created and quantified for blue color corresponding to collagen using 

Image-Pro Plus. AOIs were used throughout the lung sections to average the amount of 

collagen per section. The Trichrome ratio was calculated by dividing the average AOI value 

for the experimental condition with the average AOI value for control mice injected with 

PBS (e.g. AVG (AOI BLEO)/AVG (AOI PBS)).

Immunohistochemistry

Lung samples were de-paraffinized by sequential placement in xylene and ethanol. To 

evaluate alpha smooth muscle actin in the peribronchial areas, lung sections were treated 

with Fc block diluted in 10% Donkey serum (in PBS) and stained with rabbit polyclonal 

antibody to alpha smooth muscle actin (clone 1A4, ab7817-abcam) at 1:200 concentration. 

Rhodamine Red-X AffiniPure Donkey anti-rabbit (Jackson Immunoresearch, 711295152) 

was used at a 1:500 concentration to provide the fluorescent signal. Smooth muscle 

thickness was then evaluated in the peribronchial area using Image-Pro Plus from multiple 

random bronchi throughout the lungs. For TSLP, lung sections were stained with Goat 

polyclonal antibody to TSLP (clone L18, Santa Cruz Biotechnology). Donkey anti-goat IgG-

FITC (sc-2024, Santa Cruz Bioteachnology) used at 1:500 concentrations provided the 

fluorescent signals. Slides were mounted and read on a Nikon 80i microscope and analyzed 

by LSM-Image software.

In vitro assays

Bronchoepithelial alveolar Sputum cells (BEAS-2B) (Lonza) were stimulated with 100ng/ml 

of recombinant human LIGHT (R&D, 664-LI/CF) for 72h in Epilife media (Life 

technologies). TSLP was then measured by immunostain using anti-TSLP mAb (clone 

AF1398, from R&D) and qPCR analyses. LIGHT receptors were visualized on BEAS-2B 

using anti-LTβR and anti-HVEM in parallel with isotype control antibodies (Biolegend). For 
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TGF-β neutralization, 30 μg/ml of anti-TGF-β mAb (1D11) or its Isotype control were added 

into culture.

Statistical analyses

Statistical analysis was performed using GraphPad Prism software. A nonparametric t test or 

Mann-Whitney test was used where indicated. A P value < 0.05 was considered statistically 

significant. |, p < 0.05; ||, p < 0.01, |||, p < 0.005; ||||, p < 0.001; n/s not significant.

Results

TNFSF14/LIGHT is upregulated in a model of bleomycin-induced IPF

We assessed the expression of LIGHT in the lungs in a fibrotic model induced by 

intratracheal instillation of bleomycin. Mice displayed scruffy fur, kyphosis, and lack of 

activity after exposure to bleomycin. Supporting the hypothesis that LIGHT is an early 

catalyst of fibrotic disease, expression of transcripts for LIGHT were readily detected as 

early as 3 days post-instillation in the lungs and preceded the peak expression of mRNA for 

the major fibrotic features, collagen and alpha smooth muscle actin (Fig. 1a). In this model, 

deposition of collagen protein and accumulation of alpha smooth muscle actin positive cells 

starts around day 5 and is sustained thereafter. LIGHT mRNA also preceded or coincided 

with upregulation of TGF-β and IL-13 mRNA, two other factors implicated in promoting 

fibrotic activity (Fig. 1a). Importantly, soluble LIGHT protein was detected in 

bronchoalveolar lavage from bleomycin-treated mice, correlating with the mRNA 

expression profile for LIGHT transcripts in the lungs, with peak accumulation seen at day 3 

(Fig. 1b). This data suggested that LIGHT might be a contributing factor to fibrosis in this 

model.

TNFSF14/LIGHT-deficiency decreases lung fibrosis

To test whether LIGHT was required to initiate lung fibrotic disease, WT and LIGHT−/− 

mice were monitored for collagen deposition with Masson’s trichrome stain in lung sections, 

and alpha smooth muscle actin accumulation was assessed in the lung by 

immunohistochemistry. Quite strikingly, bleomycin-treated LIGHT−/− mice failed to 

accumulate significant amounts of collagen and alpha smooth muscle actin in their lungs 

(Fig. 1c). Collagen accumulation in WT mice, based on quantitation of trichrome-stained 

areas, was 8-fold higher than in LIGHT−/− mice, while alpha smooth muscle actin 

accumulation around the bronchioles was dramatically absent in LIGHT−/− mice and almost 

at the level seen in naïve animals (Fig. 1c). These results clearly demonstrate that the 

absence of LIGHT protects mice from developing pulmonary fibrosis driven by bleomycin.

Soluble TNFSF14/LIGHT induces lung fibrosis similar to bleomycin

Because a deficiency of LIGHT almost completely abolished fibrotic activity after 

bleomycin treatment, we asked whether LIGHT was able to drive these features in the 

absence of other inflammatory stimuli. For this purpose, we injected naïve mice with 10 μg 

of recombinant murine LIGHT or PBS intratracheally on two consecutive days. LIGHT 

induced significant lung collagen deposition by day 3, albeit to a lesser extent than that 

observed with bleomycin (~2-fold difference, Fig. 2 vs. Fig. 1). Impressively, alpha smooth 
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muscle actin accumulation around the bronchioles was 12 times higher in LIGHT-treated 

mice compared to PBS controls and quite similar to that induced by bleomycin (Fig. 2). 

Moreover, qPCR analysis of lungs of LIGHT-treated mice confirmed strong up-regulation 

of collagen and alpha smooth muscle actin transcripts, along with TGF-β and IL-13 

transcripts (Fig. 2). These results strongly emphasize the pro-fibrotic activity that LIGHT 

can exert without other extrinsic stimuli.

TNFSF14/LIGHT utilizes both LTβ R and HVEM to drive lung fibrosis

LIGHT has two receptors in the TNFR superfamily, LTβR/TNFRSF3 and HVEM/

TNFRSF14. In order to determine whether LIGHT drove pulmonary fibrosis through one or 

both of its receptors, we assessed responses in HVEM−/− mice as well as WT mice treated 

with an antibody that selectively neutralizes LIGHT-LTβR interactions. The results were 

similar in mice treated with bleomycin and those treated with recombinant LIGHT alone 

(Fig. 3). Interestingly, collagen accumulation as quantified by trichrome staining in the lung 

was strongly reduced when LIGHT-LTβR interaction was neutralized, whereas in the 

absence of HVEM interaction this response was still induced to normal levels. However, 

alpha smooth muscle actin expression was strongly inhibited in the lungs without LIGHT-

HVEM interactions (Fig. 3). The latter still accumulated when LIGHT-LTβR interactions 

were blocked, although with bleomycin there was a trend to reduced expression, and with 

recombinant LIGHT there was a statistically significant reduction (Fig. 3). Why blocking 

LTβR reduced alpha smooth muscle actin to a greater extent with LIGHT compared to 

bleomycin is not clear. LTβR is generally constitutive on cells that express it, whereas 

HVEM can be highly upregulated. HVEM may then have been more highly expressed due 

to the inflammatory effect of bleomycin, making LTβR dispensable for induction of alpha 

smooth muscle actin. Overall, these results show that both receptors can participate in 

fibrosis driven by LIGHT, although there may be differential contributions potentially 

depending on the target cell types within the tissue and the inflammatory environment.

TNFSF14/LIGHT regulates TSLP in vivo to promote pulmonary disease

As we found LIGHT was active in both the model here and previously in allergen models of 

asthma (13), we asked whether it might control TSLP, a molecule thought to be common to 

asthma and IPF and important for initiation of the pulmonary profibrotic response (8, 9). 

Most interestingly, we observed that TSLP was induced in the lungs of bleomycin-

challenged animals after the peak of LIGHT expression (Fig. 4a). TSLP was largely found 

in bronchial epithelial cells and to a lesser extent in alveolar epithelial cells and some other 

unidentified cells. Suggesting a direct relationship between the molecules, LIGHT-deficient 

mice displayed decreased expression of TSLP in the lung in bronchial epithelium, and other 

cells, after bleomycin treatment, as visualized by immunohistochemistry of lung sections 

(Fig. 4b). Moreover, TSLPR−/− mice to a large extent mimicked the phenotype of LIGHT−/− 

mice in being resistant to accumulating collagen and alpha smooth muscle actin in the lung 

induced by bleomycin, although some induction of alpha smooth muscle actin was still 

visualized in the absence of TSLP activity (Fig. 4c).

We then injected recombinant LIGHT intratracheally to determine if it could replicate the 

action of bleomycin and promote TSLP expression in vivo in naïve WT mice. This led to the 
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up-regulation of TSLP mRNA transcripts in the lungs over 3 days, and induction of TSLP 

protein was easily visualized by immunohistochemistry, again largely expressed in bronchial 

epithelial cells, but also in alveolar epithelial cells and other cells (Fig. 5a). Most 

importantly, recombinant LIGHT failed to induce strong collagen deposition and alpha 

smooth muscle actin accumulation in the lungs of TSLPR−/− mice (Fig. 5b).

TNFSF14/LIGHT induction of lung fibrosis is partially dependent on IL-13 signaling

In an allergen-driven severe asthma model, previous work from our laboratory demonstrated 

that LIGHT participated in regulating the expression of IL-13 (13). As induction of LIGHT 

mRNA was seen with IL-13 mRNA in mice injected with bleomycin, and recombinant 

LIGHT also upregulated IL-13 mRNA, we tested whether IL-13 might play a role in the 

fibrotic activity of LIGHT by using IL4Rα−/− mice in which IL-13 signaling as well as IL-4 

signaling is disrupted. While collagen accumulation was equally upregulated in IL4Rα−/− 

mice injected with recombinant LIGHT, alpha smooth muscle actin deposition in the lung 

was significantly impaired (Fig. 6a). Interestingly, we observed a reduction in TSLP 

expression by bronchial epithelial cells, while TSLP was still visualized in alveolar 

epithelial cells and other cells (Fig. 6b). This implies that IL-13 promoted by LIGHT 

participates in upregulating TSLP as well as contributes to deposition of alpha smooth 

muscle actin.

TGF-β synergizes with TNFSF14/LIGHT to promote TSLP expression and lung fibrosis

We also previously suggested that LIGHT could promote TGF-β expression by lung 

macrophages in models of allergen-induced asthma (13). We then tested whether 

neutralization of TGF-β would affect maximal expression of TSLP and fibrosis induced by 

LIGHT. We observed a significant decrease in alpha smooth muscle actin and collagen 

deposition in the lungs of mice injected with anti-TGF-β, although not to baseline levels 

(Fig. 7a). Correlating with this, we found that TSLP expression was also reduced, albeit to a 

lesser extent in bronchial epithelial cells than in the other cells capable of expressing TSLP 

(Fig. 7b). Thus, TGF-β upregulated by LIGHT also contributes to TSLP expression and is 

central to the fibrotic activity of LIGHT.

TNFSF14/LIGHT promotes TSLP in human bronchial epithelial cells in a TGF-β-
independent manner

As the primary sources of TSLP in the mouse lung appeared to be bronchial epithelial cells, 

and we wished to extend these results to clinically applicable cell types, we first tested 

whether human bronchial epithelial cells expressed the receptors for LIGHT. Interestingly, 

both LTβR and HVEM were constitutively expressed on these cells (Fig. 8a). Most 

significantly, recombinant human LIGHT strongly induced the expression of mRNA and 

protein for TSLP in the absence of any other extrinsic stimulus (Fig. 8b). As bronchial 

epithelial cells are capable of producing TGF-β, and TGF-β participated in maximal 

expression of TSLP in vivo (Fig. 7), we blocked this molecule. However, we did not see any 

significant decrease in TSLP expression by these cells (Fig. 8c), suggesting that LIGHT can 

exert a direct effect on epithelial cells to promote TSLP expression.
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Taken together, these results substantiate the idea that LIGHT can act as a primary driver of 

TSLP expression in cells of the lung by both direct and indirect mechanisms and may 

represent a master regulator of factors that result in pro-fibrotic activities in several 

pulmonary diseases.

Discussion

Fibrosis, tissue remodeling, and deregulated cellular activity is a particular concern in 

numerous persistent inflammatory states including those seen in asthma, GvHD, IPF, and 

some autoimmune diseases such as systemic sclerosis, RA, Crohn’s disease, and lupus. 

Therefore, defining the molecules that are fibrotic factors or might drive activity of other 

fibrotic factors could prove useful for future therapeutic approaches. Here, we show that 

LIGHT is induced early during the course of fibrotic activity initiated by epithelial damage 

from the antibiotic bleomycin and that is reminiscent of that seen in humans with idiopathic 

pulmonary fibrosis. Importantly, the expression of LIGHT preceded that of another fibrotic 

factor TSLP that has been suggested to be a master regulator itself, and a deficiency in 

LIGHT almost completely abrogated TSLP induction, fibrosis, and tissue remodeling in the 

lung. Our data emphasize the novel role of LIGHT as a central modulator of the initiation of 

lung fibrotic disease. They additionally suggest it may represent a marker for early disease 

progression and that blocking LIGHT activity could represent an effective therapy in 

interstitial lung disease.

Strikingly, the injection of recombinant murine LIGHT alone by intratracheal instillation 

resulted in similar fibrotic features to those driven by bleomycin, implying that LIGHT was 

not simply a feature of fibrosis in this scenario but was a major driver of fibrotic activity. 

The extent of lung fibrosis was less pronounced in mice injected with LIGHT compared to 

bleomycin-treated mice. However, other factors made within the lung environment most 

likely additionally contribute to fibrosis by synergizing with LIGHT. Most importantly, 

LIGHT injection up-regulated three major pro-fibrotic factors, TGF-β, IL-13, and TSLP. 

Previous work from our laboratory found that LIGHT could promote TGF-β expression in 

lung macrophages and IL-13 expression in lung eosinophils associated with tissue 

remodeling in the lungs driven by chronic administration of allergen (13). However, the 

identification of TSLP as a downstream product of LIGHT activity and a major mediator of 

the pro-fibrotic effects of LIGHT dramatically highlight the central and novel role of LIGHT 

in perpetuating the clinical manifestations of pulmonary fibrosis. TSLP was suggested to be 

central to lung inflammation some time ago, and indeed, several lines of evidence support a 

critical role of TSLP signaling in the generation of Th2 responses (8). Most significantly, 

transgenic mice where TSLP was over-expressed in bronchial epithelium exhibited tissue 

remodeling in the lungs (12), suggesting this molecule may be a master regulator of the 

fibrotic process. In this paper we additionally contribute to this notion by showing that 

bleomycin-induced lung fibrosis is also dependent on TSLP. However, our finding that 

LIGHT was induced before TSLP in the model here with bleomycin, that recombinant 

LIGHT alone upregulated TSLP in the lungs and in vitro in human bronchial epithelial cells, 

and that TSLP was required for several of the major fibrotic features downstream of LIGHT, 

places LIGHT as another primary driver of disease.
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Whether LIGHT will always contribute to TSLP expression in lung inflammatory responses 

remains to be determined. Also, whether TSLP is always required for fibrosis in the lungs 

under different inflammatory conditions is another question that will be answered in future 

studies. We previously utilized a severe asthma model with house dust mite extract to show 

LIGHT was active in driving lung collagen and alpha smooth muscle actin accumulation 

(13). However, it is not known if TSLP is required for the response in the model we 

previously utilized. Chen et al (20) found that blocking TSLP inhibited all of the hallmarks 

of lung inflammation, including peribronchial collagen accumulation, in a model with house 

dust mite that had some similarities to the one we used. However, a separate report found 

that TSLP was not important for house dust mite driven lung inflammation where a different 

immunization protocol was employed (21). This suggests that there may be variability in the 

use of these molecules that will be important to understand. Recent positive clinical data 

from a study of anti-TSLP antibody in allergic asthmatics (22) does, however, suggest that 

anything that can impact TSLP expression may be of interest for future therapy of lung 

disease.

Central to LIGHT playing a driver role in fibrotic activity is obviously that its receptors, 

HVEM and LTβR, are available. We previously highlighted the potential significance of 

HVEM and LTβR on eosinophils and macrophages, respectively, in contributing to lung 

tissue remodeling in our allergen studies, with LIGHT promoting IL-13 and TGF-β 

production from these cell types (13). Both HVEM and LTβR can additionally be expressed 

on other lymphoid cells such as dendritic cells. However, our finding here that both 

receptors are constitutively expressed on bronchial epithelial cells may be of primary 

significance to the potential activities of these cells and to development or perpetuation of 

the fibrotic response. As epithelial cells are arguably one of the main sources of TSLP, this 

is likely to explain at least in part why LIGHT may be such a prominent contributor to the 

development of the lung fibrotic phenotype. Interestingly, blocking IL-13 signaling in vivo 

reduced LIGHT-driven TSLP expression by bronchial epithelial cells, but did not strongly 

affect TSLP production by other lung cells, which likely included alveolar epithelial cells, 

dendritic cells, and fibroblasts. This led to a partial reduction of the fibrotic activity as 

visualized by decreased alpha smooth muscle actin accumulation, and may have been 

explained by IL-13 both contributing to maximal TSLP expression as well as having a direct 

effect on smooth muscle cells that can express IL4Rα on their surface (23). Previous studies 

have also suggested that IL-13 may be a factor regulating TSLP expression. Miyata et al 

found that intranasal treatment of mice with IL-13 upregulated TSLP in nasal epithelial 

cells, and blockade of TSLP reduced IL-13-induced eosinophilia in the nasal mucosa (24). 

Additionally, IL-13 transgenic mice displayed enhanced levels of TSLP, and TSLP 

participated in the exacerbated allergen-driven lung inflammatory responses displayed by 

these mice (25, 26). Thus, the ability of LIGHT to both directly promote TSLP and also 

promote IL-13 production to further enhance TSLP expression appear to explain much of its 

strong fibrotic activity.

In addition, TGF-β neutralization in vivo also revealed that TGF-β was important for the 

overall fibrotic action of LIGHT. However, anti-TGF-β had a slightly different effect than 

was seen in IL-4Rα−/− mice in that LIGHT-driven TSLP expression by bronchial epithelial 

cells was only partially reduced, but TSLP in the other lung cells was largely absent. This 
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translated to a similar decrease in alpha smooth muscle actin as seen in IL-4Rα−/− mice, but 

collagen accumulation was additionally inhibited in the lungs. The latter is in line with many 

results that have previously shown a central role for TGF-β in directly promoting ECM 

proteins from epithelial cells or fibroblasts (1–4). Nevertheless, we found that LIGHT-

induction of TSLP expression by bronchial epithelial cells in vitro was TGF-β-independent. 

Taken together these data suggest that LIGHT can drive fibrosis in two ways, directly by 

promoting TSLP expression by bronchial epithelial cells, and indirectly by inducing IL-13 

and TGF-β that also feed into the TSLP axis as well as have profibrotic effects on lung 

epithelial cells, myofibroblasts, or mature smooth muscle cells.

In conclusion, LIGHT is a major directive protein in the development of pulmonary fibrotic 

activity, in part via its ability to act on epithelial cells in the lung through binding to its 

constitutively expressed receptors LTβR and HVEM. Most importantly, LIGHT can directly 

and indirectly regulate TSLP, enhancing its expression by bronchial epithelial cells and 

other lung resident cells. This is likely to subsequently engage other molecules downstream 

of TSLPR and/or result in direct signals from the TSLPR that may synergize with signals 

from the receptors for LIGHT. A fully human LIGHT-specific antibody (SAR252067) that 

competitively inhibits the binding of LIGHT to LTβR and HVEM is currently in phase II 

clinical trials for inflammatory bowel disease (27), but our data reinforce the notion that 

LIGHT may be as attractive a target for the therapy of lung fibrotic disease. It does however 

remain important to understand when LIGHT is made in alternate disease indications. Some 

published data reported that LIGHT was upregulated in the sputum of asthmatic patients 

(28) nevertheless more expression analysis is warranted in asthma as well as patients with 

IPF and interstitial lung disease in general.
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Key Messages

1. Bleomycin driven TSLP production and fibrosis are dependent on TNFSF14/

LIGHT.

2. Intratracheal administration of TNFSF14/LIGHT induces TSLP in the lungs.

3. TNFSF14/LIGHT upregulates TSLP in human bronchial epithelial cells.
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Figure 1. LIGHT is induced by bleomycin and LIGHT-deficient mice exhibit decreased lung 
fibrosis
(a–b) Wild type (WT) mice were sensitized with bleomycin intratracheally (i.t.). (a) Kinetics 

of expression of mRNA for LIGHT, alpha smooth muscle actin (aSMA), TGF-β, and IL-13, 

assessed by qPCR analysis of lung samples. mRNA expression calculated relative to L32. 

Values are mean ± SEM of 2 mice per time point. Selected time points were repeated in 3 

additional experiments. (b) Soluble LIGHT was assessed in the bronchoalveolar lavage by 

Western Blot. Data are representative of 3 experiments. (c) WT and LIGHT−/− mice were 

sensitized with bleomycin or PBS intratracheally. Mice were sacrificed on day 7. Fibrotic 

phenotypes were assessed by analyzing collagen deposition (trichrome stain) and 

peribronchial aSMA accumulation in lung sections. Representative sections are shown (left). 

Quantitation was performed as in materials and methods (right). Trichrome data show mean 

ratio of area of interest (AOI) values over PBS of 4 individual mice per condition. aSMA 

data show values of 14 random bronchi scored from 4 mice per condition. Data are 

representative of 6 experiments.
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Figure 2. Recombinant LIGHT induces lung fibrosis
WT mice were injected with 10 μg of soluble rmLIGHT administered intratracheally on 

days 1 and 2, and sacrificed on day 3. Fibrotic phenotypes were scored after analyzing 

trichrome stained and aSMA stained lung sections. Trichrome data show mean ratio of AOI 

values over PBS of 6 individual mice per condition. aSMA data show mean values of 

random bronchi scored from 6 mice per condition. qPCR analysis was performed on lung 

samples and mRNA expression of LIGHT, collagen, IL-13 and TGF-β calculated relative to 

L32. mRNA values are mean ± SEM of 3 mice per condition. Data are representative of 6 

experiments.
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Figure 3. HVEM and LTβR participate in promoting lung fibrotic activity induced by bleomycin 
and recombinant LIGHT
WT mice were compared to mice treated with 200 μg neutralizing anti-LTβR and to 

HVEM−/− mice. (a) Mice were treated with 10μg rmLIGHT intratracheally on days 1 and 2 

before sacrificing on day 3. (b) Mice were treated with bleomycin intratracheally and 

sacrificed on day 7. Fibrotic phenotypes were assessed as before in the lungs. Trichrome 

data show mean ratio of AOI values over PBS of 4 individual mice per condition. aSMA 

data show values of 10 (a) to 35 (b) random bronchi scored from 4 mice per condition. 

Results are representative of 3 experiments performed.
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Figure 4. TSLP expression in response to bleomycin is dependent on LIGHT
(a) Kinetics of LIGHT and TSLP mRNA expression by qPCR in lung samples of WT mice 

treated i.t. with bleomycin. (b) Lungs from WT and LIGHT−/− mice sensitized i.t. with 

bleomycin were assessed for TSLP expression on day 7 by IHC (green stain). (c) WT, 

LIGHT−/− and TSLPR−/− mice were compared for lung fibrotic phenotypes after 

sensitization i.t. with bleomycin. Trichrome and aSMA data show values of between 30–60 

random AOI and 11 random bronchi, respectively, scored from 3 mice per group. Results 

are representative of 3 experiments.
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Figure 5. Recombinant LIGHT induces TSLP expression in vivo to promote lung fibrosis
(a) TSLP expression was measured in the lungs by IHC or PCR 24h after the last LIGHT 

injection in WT mice treated with 10μg of rmLIGHT or PBS given i.t. on days 1 and 2. (b) 

WT and TSLPR−/− mice were treated with rmLIGHT as above and fibrotic activity in the 

lungs assessed on day 3. Trichrome and aSMA data show values of between 25–40 random 

AOI and 25 random bronchi, respectively, scored from 4 mice per group. Results are 

representative of 3 experiments.
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Figure 6. LIGHT-induced lung fibrosis is partially dependent on IL-13 signaling
WT and IL-4Rα−/− mice were injected i.t. with rmLIGHT as before. Lung accumulation of 

collagen and aSMA (a), as well as TSLP expression by IHC (b), were assessed at day 3. 

Trichrome and aSMA data represent scores of between 30–40 random AOI and 30 random 

bronchi, respectively, from 3 individual mice per group.
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Figure 7. TGF-β participates in lung fibrosis induced by LIGHT
WT mice were treated with anti-TGF-β or control IgG and injected i.t. with rmLIGHT as 

before. Lung accumulation of collagen and aSMA (a), as well as TSLP expression by IHC 

(b), were assessed at day 3. Trichrome and aSMA data represent scores of between 50–70 

random AOI and 30 random bronchi, respectively, from 3 individual mice per group.
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Figure 8. LIGHT directly induces TSLP expression in human bronchial epithelial cells in a TGF-
β-independent manner
(a) Human bronchial epithelial cells (BEAS-2B) were assessed for LTβR and HVEM 

expression by flow cytometry. Isotype control in red. (b and c) BEAS-2B cells were 

stimulated in vitro with soluble rhLIGHT for 72h, in the absence (b) or presence of anti-

TGF-β or control IgG (c). TSLP expression was evaluated by IHC and mRNA levels by 

qPCR. PCR values are mean ± SEM of triplicate samples per condition. Data are 

representative of 2–4 experiments.
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