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intact in the absence of DR3. Because of this, we chose to 
investigate diff erentiation of osteoclasts, discovering that os-
teoclast diff erentiation in vitro and bone erosion in vivo was 
exacerbated by exogenous TL1A in control but not DR3 ko  
mice. These DR3-dependent eff ects confi rm that TL1A is a 
specifi c functional ligand for DR3 and identifi es the control 
of osteoclasts as a novel function for DR3. The potential of 
countering the DR3 – TL1A pathway as a therapy was proven 
by amelioration of CIA and AIA using a neutralizing anti-
TL1A mAb. Interestingly, anti-TL1A therapy was not totally 
protective. The possibility remains that there may be second-
ary ligands for DR3 and TL1A as implicated for TL1A by re-
cent data in renal infl ammation ( 22 ), but detailed studies have 
shown no other TNFSF/TNFRSF family members that bind 
murine DR3 or murine TL1A ( 18 ), whereas human TL1A 
binds Decoy Receptor 3 ( 11 ), a mouse homologue of which 
has not been found. 

 This is the fi rst paper reporting that signaling through 
DR3 on myeloid cells promotes osteoclastogenesis, although 
it is clear from our data that it is not a prerequisite for, nor can 
it induce, this diff erentiation in the absence of RANK-L and 
M-CSF. In this respect, it mirrors functions that have been 
reported for TNF �  ( 23 ). However, a function independent of 
TNF �  is suggested by a recent paper showing that macro-
phages produce TL1A independent of TNF activity ( 20 ). 
TL1A expression, including release of active soluble forms of 
the protein, can be induced on human monocytes by Fc � R 
stimulation through soluble ( 24 ) and insoluble immune com-
plexes purifi ed from RA synovial fl uid ( 20 ). The majority of 
stromal macrophages in RA synovial tissue express TL1A, and 
in vitro stimulation of monocytes with PEG precipitates from 
RA samples results in production of nanogram quantities of 
soluble TL1A ( 20 ). This suggests very high levels in localized 
RA joint akin to the levels we used to exacerbate AIA ( Fig. 2 A ). 
The implication is that in infl ammatory arthritis, myeloid 
cells may exhibit a positive feedback loop whereby TL1A is 
triggered through ICs and can drive diff erentiation of bone-
destroying cells if the right cytokine milieu is provided. In-
triguingly, TL1A also has varied eff ects on human osteoblast 
cell lines in vitro, inhibiting diff erentiation and promoting 
quiescence at low densities but inducing death at high den-
sities ( 25 ). We therefore propose that the DR3 – TL1A path-
way may act as a switch that is capable of directly activating 
osteoclast but also inhibiting osteoblast diff erentiation and, in 
so doing, disregulate the homeostatic balance of degradation 
and formation in normal bone into the detrimental situation 
observed in destructive bone pathologies such as RA. Although 
our in vitro data supports this proposal, some caution is neces-
sary in interpreting the contribution of direct TL1A-driven 
osteoclastogenesis to arthritic bone damage in vivo, as infl am-
mation and bone erosion cannot be dissociated in AIA or CIA. 
The possibility remains that the resistance of DR3 ko  mice to 
bone erosion is secondary to DR3 – TL1A-dependent control 
of other parts of the infl ammatory process. 

 In this respect, our data also show that cartilage depletion is 
signifi cantly reduced in DR3 ko  mice ( Fig. 1 ). Cartilage depletion 

  Figure 5.     Early therapeutic intervention with anti-TL1A antibody 

arrests development of arthritis.  (A) Binding of rat anti-TL1A mAb (TAN 

2 – 2) to J558L cells transfected with plasmid encoding membrane-bound 

TL1A. Shaded histogram and dotted line represent binding of isotype con-

trol and TAN 2 – 2 to plasmid only transfected cells, respectively. Binding of 

isotype control and TAN 2 – 2 to TL1A-expressing cells is represented by a 

thin and thick line, respectively. (B) Titration of TAN 2 – 2 binding to J558L 

cells expressing membrane-bound TL1A. (C) Time course of swelling in AIA 

after anti-TL1A mAb treatment. Data are mean  ±  SEM from mice treated 

with control IgG2A ( � ) or anti-TL1A ( � ) mAb. One representative experi-

ment of two is shown. *, P  <  0.02 by two-way ANOVA. CIA was induced as 

described in Materials and methods. All data were derived from six mice 

for each treatment. (D) Arthritis incidence tabulated over 28-d time 

course. (E) Arthritis severity as a mean paw score from day 20 when dos-

ing schedule for anti-TL1A and control IgG2a was started. Data are mean  ±  

SEM. Timing of injections are shown (arrows). (F and G) Representative 

images of H & E-stained sections from control IgG2a (F) and anti-TL1A 

(G).  i , intense synovial infi ltration;  e , aggressive bone erosion. Bars, 200  μ m. 

(H) Analysis of AI of CIA in control IgG2a and anti-TL1A – treated mice. 

Dotted horizontal line depicts mean for each group. *, P  <  0.05; **, P = 

0.01; ***, P = 0.006.   
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expressed TL1A. To generate cells expressing membrane-anchored TL1A, 

PCR fragments encoding the entire coding sequence of mouse TL1A were 

cloned into the mammalian expression vectors pEF1/V5-His A and pcDNA3.1 

(Invitrogen), and plasmids were then transfected into J558L or 293T cells. 

Stable J558L cell lines expressing membrane-anchored TL1A were selected 

in Geneticin (400  μ g/ml)-containing media. Splenic cDNA or IMAGE clone 

30740802 was used as a template for PCR reactions to generate TL1A-en-

coding DNA fragments. Further selection of neutralizing anti-TL1A mAbs 

was based on the ability to block binding of soluble recombinant TL1A-Fc 

to anti-CD3/CD28 – stimulated T cells. 

 Anti-TL1A therapy in CIA.   CIA was induced as previously described 

( 31 ). In brief, 2 mg/ml of chicken type II collagen (CII; Sigma-Aldrich) was 

emulsifi ed with an equal volume of complete Freund ’ s adjuvant and 100  μ l 

of collagen/adjuvant mixture injected intradermally into several sites near the 

base of the tail of 7-wk-old male DBA/1J mice. A second identical booster 

was administered to each mouse 21 d after the fi rst injection. The day of the 

fi rst immunization was designated as day 0. Mice were randomly assigned to 

one of three treatment groups on day 20. Animals received nine daily 100- μ l 

injections containing either 2.5 mg/kg of anti-TL1A or LEAF purifi ed con-

trol rat IgG2a (Cambridge Biosciences) dissolved in sterile PBS or PBS alone 

administered by the i.p. route from day 20. Thereafter, arthritis incidence 

and severity was assessed daily until termination on day 28 when the disease 

severity limits were attained in IgG2a and PBS controls. The incidence of 

CIA was assessed as the percentage of mice developing arthritis among all 

mice. The severity of arthritis in each paw (paw score) was evaluated by using 

an established in-house scoring system: 0, normal; 1, mild but defi nite swell-

ing in the ankle or wrist joint or redness and swelling limited to individual 

digits regardless of the number of digits aff ected; 2, moderate swelling of an-

kle or wrist; 3, severe redness and swelling of the ankle or wrist and proximal 

phalangeal joints; and 4, maximally infl amed limb with involvement of mul-

tiple joints, no ankylosis. 

 Assessment of arthritis.   Joint swelling was assessed on days 1, 2, 3, 5, 7, 

14, and 21 after arthritis induction by measuring the diff erence between hind 

right (AIA) and hind left (control) knee joint diameters using an analogue 

micrometer. Animals were killed on day 3 or 21 for assessment of infl amma-

tory and pathological changes within the joint. Histological assessment was 

performed as previously described ( 30 ). All joints were fi xed in neutral buff -

ered formal saline and decalcifi ed with 10% formic acid for 2 wk at 4 ° C be-

fore embedding in paraffi  n wax. Serial sections of 7- μ m thickness were taken 

and stained routinely with H & E for analysis. Two blinded independent ob-

servers scored the sections for cellular infi ltration (0 – 5), cellular exudate (0 – 3), 

synovial hyperplasia (0 – 3), and bone erosion (0 – 3), with 0 representing a 

normal joint. The sum of all parameters gave the AI. Sections were addition-

ally stained with Safranin O and Fast Green to assess cartilage depletion. 

 RT-PCR.   BMM were generated as previously described ( 32 ). RNA was 

extracted from BMM cultures using RNeasy (QIAGEN) after manufacturer ’ s 

instructions, whereas cDNA was generated and RT-PCR performed ac-

cording to standard Invitrogen protocols. PCR primers were as follows:  � -actin, 

forward 5 � -CGGCCAGGTCATCACTATTG-3 �  and reverse 5 � -CTCA G-

TAACCCGCCTAG-3 �  giving a 410-bp product; and DR3, forward 

5 � -CTAAGGCTTGCACTGCTGTCT-3 �  and reverse 5 � -GAGCATCT-

CATACTGCTGGTC-3 �  giving a 457-bp product. The PCR consisted of 

33 cycles with a 59 ° C annealing temperature. 

 TRAP staining for osteoclasts.   For TRAP staining, joints were decalci-

fi ed in EDTA (7%), rehydrated, and incubated with TRAP staining solution 

containing 0.1 M acetate buff er, 0.5 M sodium tartrate, 10 mg/ml naphthol 

AS-MX phosphate, 100  μ l Triton X-100, and 0.3 mg/ml Fast Red Violet 

LB salt for 3 h at 37 ° C. Sections were then counterstained with hematoxylin 

before mounting in DPX. Images were captured using a digital camera 

(N457; Olympus), and TRAP-positive cells were analyzed using Photoshop 

CS3. 5 (Adobe). Randomly chosen selected areas were used for analysis. 

is attributed to the eff ects of matrix metalloproteinases (MMPs), 
levels of which are raised in RA joint. In vitro experiments 
on human cell lines have shown that DR3 activation can in-
duce the production of MMP-1, -9, and -13 in THP-1s ( 17 ). 
These MMPs have all been associated with RA joint pathol-
ogy ( 26 ). In addition, it is also established that TL1A plays an 
important role in T cell function. TL1A has been shown to 
costimulate IL-2 responsiveness ( 11 ) and synergize with the 
TCR and IL-12/IL-18 pathways to induce IFN �  release ( 15, 
27, 28 ). TL1A also amplifi es cytokine release by NKT cells 
( 14 ) and T cells ( 13 ) and regulates the development of proin-
fl ammatory Th17 cells ( 12, 16 ), which are reported to aid os-
teoclastogenesis in autoimmune arthritis ( 29 ). The action of 
TL1A on T cells may also be regulated by diff erential ex-
pression of splice variants of DR3 ( 27 ). The exact role of TL1A 
and DR3 on lymphocytes in infl ammatory arthritis remains 
to be elucidated, but it is interesting to note that we fi nd nor-
mal anti-mBSA Ab levels in serum, unchanged T cell prolifer-
ation to mBSA in draining lymph nodes of DR3 ko  mice after 
AIA induction, and normal in vitro generation of Th17 cells 
from DR3 ko  splenocytes (unpublished data). 

 In summary, we have induced infl ammatory arthritis in 
DR3 ko  mice and found that they exhibit strong resistance to 
the adverse pathology observed in AIA. We show DR3-de-
pendent TL1A-driven exacerbation of bone damage in vivo 
and promotion of osteoclastogenesis in vitro. We also show 
that anti-TL1A therapy ameliorates disease. Our data suggest 
that the DR3 – TL1A pathway is an important component of 
infl ammatory responses in joint disease and, as such, identifi es 
a potential therapeutic target for treatment of diseases like 
RA but with potential impact in other diseases involving dis-
rupted bone physiology. 

 MATERIALS AND METHODS 
 Animals.   The DR3 mouse colony was founded from animals supplied by 

Cancer Research UK, London. All experiments were undertaken in male 

WT (DR3 wt ), heterozygous (DR3 het ), and KO (DR3 ko ) mice, which have 

been described previously ( 10 ). DBA/1J mice were acquired from Harlan, 

UK. Animals were used at 6 – 8 wk of age. All procedures were approved by 

the Local Research Ethics Committee and performed in strict accordance 

with Home Offi  ce – approved licenses PPL 30/1999 and 30/2361. 

 Induction of murine AIA.   AIA was induced as previously described ( 30 ). 

In brief, mice were s.c. immunized on two occasions, 1 wk apart, with 1 mg/ml 

mBSA with an equal volume of CFA. An additional i.p. injection of 100  μ l 

of heat-inactivated  Bordetella pertussis  toxin was administered with the fi rst 

immunization. AIA was induced in the hind right knee joint via an intraar-

ticular injection of 10 mg/ml mBSA (6  μ l), administered 21 d after the initial 

immunization. To assess the eff ect of TL1A or anti-TL1A administration, 

AIA was induced via mBSA injection in conjunction with 1, 10, or 100 ng 

of soluble TL1A (R & D Systems) or 100 ng of anti-TL1A mAb. 

 Generation of a rat anti – mouse TL1A monoclonal antibody.   Rats 

were immunized with a soluble recombinant TL1A protein consisting of a 

human IgG1 Fc domain, with an additional hinge-like region at the C ter-

minus, linked to the extracellular domain of mouse TL1A (T77-L252). The 

protein was produced in Chinese hamster ovary cells and was purifi ed by 

immunoaffi  nity chromatography using an anti – human Fc mAb. Anti-TL1A 

mAb was generated by standard hybridoma technology and hybridoma su-

pernatants were screened for binding to recombinant soluble and membrane-
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 Immunohistochemistry for F4/80 expression.   F4/80 expression was 

detected using an anti – rat HRP-DAB staining kit (R & D Systems) according 

to the manufacturer ’ s instructions. In brief, sections were rehydrated and en-

dogenous peroxidase activity was blocked. Antigen unmasking was achieved 

by incubating the sections in 0.1% prewarmed Trypsin/EDTA in PBS for 

30 min at 37 ° C. After blocking steps, sections were incubated overnight 

with 4  μ g/ml of rat anti-F4/80 antibody (Invitrogen) or isotype control di-

luted in PBS followed by secondary antibody as per the manufacturer ’ s in-

structions. Positively labeled cells were visualized using a streptavidin-HRP 

conjugate and DAB chromogen. Sections were counterstained with he-

matoxylin, dehydrated, and mounted in DPX. Images were captured us-

ing a digital camera (N457), and F4/80 positive cells were analyzed using 

Photoshop. Randomly selected areas were used for analysis. 

 In vitro osteoclastogenesis assays.   BMC were removed from femurs of 

DR3 wt  and DR3 ko  mice by centrifugation after removal of the proximal end. 

BMC were resuspended in  � -MEM supplemented with 10% FCS, 2 mM  l-

 glutamine, and antibiotics (MEM-10) and 5  ×  10 5  cells added to ivory discs. 

After 2 h at 37  °  C, nonadherent cells were removed by transfer of ivory discs 

to new wells with fresh media supplemented with 50 ng/ml RANKL and 

25 ng/ml M-CSF with or without 10 ng/ml TL1A. All media were replen-

ished after 3 d. TRAP staining was performed according to the manufactur-

er ’ s instructions (Sigma-Aldrich) after 7 d. Six fi elds of view on each disc 

were counted for TRAP-positive multinucleated cells. For human osteoclas-

togenesis assays, peripheral blood mononuclear cells were used as a source for 

adherent cells and cultures were maintained for 21 d before TRAP staining. 

 Statistical analysis.   Readouts could not be assumed to be normally distrib-

uted as they were histological scores or percentages. Therefore, nonparamet-

ric Mann-Whitney  U  tests were used for statistical analysis. One-way unpaired 

and two-way ANOVAs were used when testing the infl uence of third pa-

rameters such as time or dose. Analyses were performed on GraphPad Prizm 

v4. P-values of  ≤ 0.05 were considered signifi cant and values of  ≤ 0.01 were 

considered highly signifi cant. 
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