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Abstract
Toll-like receptors (TLRs) play important roles in inflammation and innate immune response to
pathogens. TLR8 recognizes ssRNA and induces NF-κB via MyD88 signaling. TL1A is a member
of the TNF superfamily that markedly enhances IFN-γ production by IL-12/IL-18-stimulated
peripheral and mucosal CD4+ T cells. TL1A expression is increased in the mucosa of patients with
inflammatory bowel disease (IBD) and is considered a key mediator of Crohn’s disease (CD). We
have previously shown that TL1A is strongly induced by immune complexes (IC) but not TLR
ligands in antigen-presenting cells. However, a potential interaction between these pro-
inflammatory signaling pathways has not been investigated. IC-induced TL1A expression of
monocytes was potently inhibited by a TLR8 or TLR7/8 ligand (R848) in a dose-dependent
manner. Furthermore, when co-cultured with CD4+ T cells, TLR8 ligands inhibited TL1A
production, resulting in almost complete inhibition of IFN-γ production by the CD4+ T cells.
Furthermore, we demonstrate that IFN-α is not required for this suppressive effect by TLR8
signaling. Our data demonstrate for the first time a direct interaction between TLR and TL1A
signaling pathways. TLR8 activation may be an important, novel pathway for targeted treatment
of Th1-mediated diseases, such as CD.
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Introduction
TL1A (TNFSF15) has been identified as a member of the TNF superfamily [1]and is a
strong costimulator of T cells[2,3]. TL1A binds to death domain receptor 3 (DR3,
TNFRSF25) and induces NF-κB activation in cells expressing this receptor [1]. TL1A was
shown to increase IL-2 responsiveness and enhance IFN-γ and GM-CSF release in anti-
CD3-and anti-CD28-stimulated peripheral blood T cells. We have previously shown that
DR3 expression in CCR9+CD4+ T cells is up-regulated following stimulation with IL-12
and IL-18 [4]. Furthermore, TL1A augments IFN-γ production by IL-12/IL-18-stimulated
peripheral blood and mucosal CD4+CCR9+ T cells [2,4]. Several studies have implicated the
TL1A/DR3 pathway in the pathogenesis of IBD. We and others have shown that surface
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expression of TL1A and its receptor DR3 by mucosal T cells is increased in mucosal
inflammation in Crohn’s Disease and UC [3,5]. Furthermore, both TL1A and DR3 were up-
regulated in the inflamed intestinal mucosa in two different models of chronic murine ileitis
[6]. We have recently shown that TL1A is a central molecule in chronic T cell mediated
colitis [7]. Neutralizing TL1A antibodies attenuated chronic colitis in this model by
attenuating TH1 and TH17 responses [7]. In addition, TL1A-DR3 signaling also plays a role
in other TH1, TH2, and TH17 driven pathologies, in particular in murine models of arthritis,
experimental autoimmune encephalomyelitis, and allergic lung inflammation [8–10].

We recently identified the FcγR signaling pathway as a major inducer of membrane and
soluble TL1A while neither TLR ligands nor IFN-γ were able to induce TL1A in antigen-
presenting cells [11]. Furthermore, TL1A production in FcγR activated monocytes leads to
enhancement of IFN-γ production by IL-12/IL-18 primed CD4+ T cells. Because of the
important role TL1A plays as a T cell activator and its up-regulation in inflammatory
conditions the elucidation of signaling pathways that potentially inhibit TL1A induction and
expression is of great potential therapeutic importance.

Toll-like receptors play a central role in the initiation of innate cellular immune responses.
Signaling from all TLRs except TLR3 activates MyD88 which finally leads to NF-κB
activation through IL-1R-association kinase (IRAK)-1, IRAK-4, tumor necrosis factor-
associated factor 6 (TRAF6) [12], and canonical IκB kinase (IKK) complex [13–15].
Activated NF-κB induces multiple pro-inflammatory cytokines genes such as TNF-α, IL-6,
and IL-1β. All of these pro-inflammatory mediators have been implicated in mucosal
inflammation in both CD and UC [16]. TLR7, 8, and 9 are expressed intracellularly where
they associate with endosomes and are able to both activate and/or inhibit inflammatory
responses [17,18]. TLR8 can induce pro-inflammatory cytokines such as IL-1β, TNF-α,
IL-6, and IL-12 from PBMCs, monocytes and DCs [19]. Moreover, TLR8 is expressed on
regulatory T cells, and its ligands can reverse their suppressive activity [20]. Although TLR8
is a potent inducer of pro-inflammatory cytokines, TLR8 also induces the anti-inflammatory
cytokine, IL-10, from human PBMCs [21]. The natural ligand for TLR8 is still unknown,
however, uridine-rich or uridine/guanosine-rich single-stranded RNA, derived from viruses
such as human immunodeficiency virus (HIV-1) and influenza virus, or synthetic antiviral
imidazoquinoline component Resiquimod (R848) can bind to TLR8 [22–24] in the
endosomal membrane, and then TLR8 signaling consequently activates NF-κB through the
MyD88-dependent pathways. In addition to this common pathway, TLR8 also engages in
another signaling pathway which proceeds via MyD88, IRAK4, IRAK1 and IRF-7 [25,26].
Activated IRF-7 enters the nucleus and induces IFN-α/β, which mediate innate and adaptive
immunity to viruses [13,14,27–29], but are also involved in an anti-inflammatory response
during experimental colitis [30]. Recently, we have reported that TLR8 is an X-linked IBD
susceptibility gene with both common predisposing and protecting haplotypes [31]. These
associations further emphasize the importance of TLR8 signaling in IBD.

Here, we demonstrate that TLR8 signaling efficiently inhibits FcγR-induced expression of
surface and soluble TL1A in monocytes. This inhibition leads to almost complete
diminution of IFN-γ production by co-cultured autologous CD4+ T cells. We also
demonstrate that this inhibition by TLR8 ligands is not mediated by IFN-α. Our data are the
first to demonstrate a direct interaction between TLR and TL1A signaling pathways.
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Results
TLR8 ligand is the most efficient inhibitor of FcγR induced TL1A induction in human
monocytes

We have previously shown that IC are strong inducers of TL1A mRNA as well as surface
expression and secretion [11]. To determine if pro-inflammatory signaling pathways
interfere with IC-induced TL1A induction, we stimulated CD14+ monocytes with IC in
combination with various TLR ligands (Figure 1). We have previously demonstrated that
these TLR ligands do not induced TL1A expression ([11] and Figure 1). While the TLR
ligands LPS, Pam3, and flagellin inhibited IC-induced up-regulation of TL1A mRNA and
TL1A secretion, R848 was the most efficient inhibitor of IC-induced TL1A up-regulation
(Figure 1A, B). Incubation of monocytes with the TLR7/8 ligand R848, in combination with
IC, led to an almost complete inhibition of TL1A mRNA induction and TL1A secretion.
This led us to focus on TLR8 signaling in subsequent experiments.

TLR8 mRNA is expressed in human monocytes and TLR8 agonists induce IL-6, TNF-α, and
IL-10 production

Previous publications reported that TLR8 but not TLR7 mRNA is expressed in freshly
isolated human monocytes [32]. First, we confirmed that TLR8 was expressed on human
monocytes from all six normal donors tested (Figure 2A). Next, we sought to determine
whether stimulation of monocytes leads to secretion of pro- and anti-inflammatory
cytokines. The TLR8 ligand 3M-002 or R848 (TLR7/8 ligand) directly induced IL-6 and
TNF-α from monocytes (Figure 2B, 2C). In addition, when co-cultured with IC, 3M-002 and
R848 induced higher levels of IL-6, and TNF-α. Furthermore, TLR7/8 lignads also
enhanced IC-induced production of these cytokines. Interestingly, the anti-inflammatory
cytokine, IL-10, was also directly induced from monocytes stimulated by 3M-002 or R848
(Figure 2D). We observed that IC-stimulation alone did not induce IL-10 production, while
stimulation with 3M-002 or R848 and IC did induce low levels of IL-10. However, the
IL-10 produced by 3M-002 or R848 plus IC is significantly lower than the IL-10 produced
by the TLR8 ligands alone (Figure 2D). These data suggest that FcγR and TL1A signaling
pathways are intertwined in the production of pro- and anti-inflammatory cytokines.

TLR8 ligands inhibit FcγR signalling-induced TL1A mRNA, soluble and cell-surface TL1A
expression

We next examined the effect of TLR8 stimulation on IC-induced TL1A expression in
monocytes. TL1A has been demonstrated to be expressed as a membrane bound form and to
be secreted upon stimulation with IC [11]. To determine if TLR8 ligands have an effect on
IC-induced TL1A expression, we stimulated monocytes with 3M-002 or R848 in
combination with IC and analyzed TL1A mRNA, secretion, and surface expression. TL1A
mRNA induced by IC stimulation was significantly inhibited by TLR8 agonist or R848
(64% and 68% inhibition, respectively) (Figure 3A). The secretion of TL1A in IC-
stimulated monocytes was inhibited by 84 % by 3M-002 or 89 % by R848 (Figure 3B).
Although TL1A expression on the surface of monocytes was induced by TLR8 agonist or
R848 alone, TL1A expression induced by IC was also inhibited by TLR8 agonist or R848
(33% and 47% inhibition, respectively) (Figure 3C). These data indicate that TLR8 ligands
can inhibit both TL1A mRNA and protein expression in response to FcγR activation.

TLR8 ligands inhibit IFN-γ production from CD4+ T cells through suppression of IC-
stimulated monocyte TL1A production

To determine whether inhibition of IC-induced TL1A production by 3M-002 or R848 has a
functional consequence on T cell activation, we used an autologous monocyte T cell co-
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culture system [11]. Monocytes were cultured with IC alone or with addition of 3M-002 or
R848. The next day, IL-12/IL-18 primed autologous CD4+ T cells were incubated with the
monocytes and IFN-γ production by CD4+ T cells was measured. We have previously
shown that endogenous TL1A induced by IC-stimulation of monocytes could enhance
production of IFN-γ from autologous IL-12/IL-18 activated CD4+ T cells [11]. After 48 h of
CD4+ T cell/monocyte coculture, TL1A and IFN-γ production were measured by ELISA.
TL1A induced by IC was inhibited by the addition of TLR8 agonist or R848 (Figure 4A)
while TL1A was undetectable in unstimulated monocytes or T cells alone (Figure 4A).
Therefore, endogenous TL1A was induced by IC and inhibited by TLR8 stimulation.
Although control monocytes co-cultured with CD4+ T cells induced low levels of IFN-γ
(Figure 4B), IC-stimulated monocytes induced a 5 fold higher IFN-γ production (Figure
4B). Co-cultures of IC-stimulated monocytes with 3M-002 or R848, which blocked almost
completely TL1A expression, inhibited IFN-γ production to baseline (unstimulated
monocytes) levels (Figure 4B).

Type I IFN (IFN-α) is not required for inhibition of TL1A production by TLR8 ligands
The mechanism of how TLR8 activation inhibits TL1A expression while simultaneously
activating other pro-inflammatory genes is unclear. Recently it has been shown that type I
IFN (IFN-α/β) protects mice from DSS-induced experimental colitis [30]. Since the
stimulation with TLR8 ligands led to the induction of IFN-α, we hypothesized that IFN-α
might be responsible for the inhibitory effects of TLR8 stimulation on FcγR-induced TL1A
induction. To evaluate the role of IFN-α in TLR8 mediated TL1A inhibition, monocytes
were stimulated with or without IC and 3M-002 or R848 in the presence or absence of
neutralizing anti-IFN-α Ab. Monocytes stimulated with 3M-002 and in particular R848,
induced IFN-α production, which was neutralized by anti-IFN-α antibodies (Figure 5A).
However, the TLR8/R848 inhibitory effects on TL1A production were not reversed by anti-
IFN-α antibodies (Figure 5B). To determine if exogenous recombinant IFN-α was able to
inhibit IC-induced TL1A production, monocytes were stimulated with IC and TLR8 agonist
or R848 in the presence or absence of 100 or 1000 U of recombinant IFN-α (Figure 5C, D).
The effects of TLR8 agonist or R848 were not abrogated by the addition of exogenous IFN-
α. Moreover, to evaluate the role of IFN-α in monocytes, we measured TL1A production in
monocytes stimulated with or without IC and TLR8 agonist or R848 in the presence or
absence of anti-IFN-αR antibodies. Anti-IFN-αR Ab had no effect on the inhibition of TL1A
induction by TLR8 agonist or R848 (Figure 5E). Collectively, these data show that autocrine
or paracrine IFN-α produced byTLR8 ligand stimulation is not responsible for TL1A
inhibition by TLR8 agonist or R848 in IC-stimulated monocytes.

Furthermore, we evaluated if NF-κB signaling is involved in the inhibition of TL1A
production. While TLR7/8 ligands induce the activation of NF-κB, IC is only a weak
inducer of NF-κB activation in monocytes. The combination of TLR7/8 ligands and IC does
not reduce NF-κB activation compared to TLR7/8 ligand stimulation alone suggesting that
that the NF-κB signaling pathway is not involved in the inhibition of TL1A induction by
TLR7/8 ligands (Data not shown).

Discussion
In this study we investigated the consequence of activation of TLR8 signaling pathway in
regulating TL1A expression and function. We demonstrate here that TLR8 is expressed in
human monocytes, and that TLR8 ligands are able to induce IL-6 and TNF-α production.
FcγR stimulation, a known inducer of TL1A expression from antigen-presenting cells, also
led to increased TNF-α production, as we have shown previously [11]. The co-stimulation of
IC and TLR8 ligands increased TNF-α secretion by monocytes compared to IC alone. In
contrast, co-stimulation of IC and TLR8 ligands inhibited IL-6 and IL-10 production by
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monocytes compared to TLR8-induced IL-6 and IL-10 secretion suggesting that both
cytokines are not involved in the inhibition of FcγR-induced TL1A by TLR8 ligands.

We previously demonstrated that membrane and soluble TL1A is strongly induced by FcγR
stimulation [11]. Surface but not soluble expression of TL1A on monocytes was stimulated
by TLR8 agonist or R848 alone. However, co-stimulation of monocytes with IC and TLR8
significantly inhibited surface TL1A expression compared to that of IC-stimulated
monocytes alone. Furthermore, IC-induced TL1A secretion was almost completely
suppressed by TLR8 ligands while TLR2, 4, and 5 ligands had only minimal effects on
TL1A inhibition. To understand whether the effect of TLR8 activation was at the level of
gene expression or translation, we investigated TL1A mRNA induction. The level of TL1A
mRNA induced by FcγR activation was inhibited by more than 60% by TLR8 ligands
suggesting that TLR8 ligands inhibit IC-induced TL1A expression at least partially on the
transcriptional level. Inthe presence of IC, TL1A surface expression increased and was
inhibited by 30–50 % by TLR8 agonist or R848. TLR8 signaling significantly inhibited
secretion of IC-induced TL1A by more than 80 %. Taken together, TLR8 signaling
significantly inhibited TL1A mRNA, surface expression, and secretion of soluble TL1A.
Furthermore, we demonstrate that TLR8 ligands also significantly inhibit IFN-γ production
by CD4+ T cell when co-cultured with monocytes treated with IC plus TLR8. We have
previously shown that monocyte generated TL1A can enhance IFN-γ production from CD4+

effector T cells [11]. In these co-culture experiments, we observed that monocyte-derived
TL1A secretion was completely blocked by TLR8 leading to complete abrogation of TL1A-
mediated CD4+ T cell IFN-γ production. Therefore, our data demonstrate that TLR8
signaling may be a potent inhibitor of the costimulatory activity of TL1A during chronic
inflammation. Further experiments are necessary to determine the in vivo efficacy of TLR8
treatments in animal models of chronic intestinal inflammation.

Induction of TLR8 signaling depends entirely on MyD88. In addition to the activation of
NF-κB TLR8 signaling also leads to the activation of IRF7 via IRAK-1 that ultimately leads
to the induction of type I IFNs, such as IFN-α/β [13,14,19,27,29]. IFN-α is one of the
characteristic cytokines induced following TLR8 activation. We, therefore, hypothesized
that IFN-α may be responsible for the suppression of TL1A production. Furthermore, it has
been demonstrated that TLR9-induced IFN-α/β suppresses the severity of experimental
colitis in RAG−/− mice [30]. However, neither neutralization of IFN-α signaling nor
recombinant IFN-α had an effect of suppression of TL1A induction by TLR8 ligands
suggesting that IFN-α does not play an important role in the inhibition of FcγR-induced
TL1A production by TLR8 ligands.

In this study, we have demonstrated that TLR8 signaling is a potent inhibitor of FcγR-
induced TL1A production. Recent data from our laboratory defined both protective and risk
haplotype variants in the TLR8 gene that are associated with Crohn’s disease [31].
Furthermore, a recent genome-wide association study of CD has provided evidence that
variation in TNFSF15, the TL1A gene, contributes to CD [33,34] and our laboratory
demonstrated that risk TL1A variants lead to increased TL1A expression in antigen-
presenting cells from CD patients [35]. The results from this study demonstrating that TLR8
activation functions as an inhibitor of TL1A expression might be one explanation how these
two separate signaling pathways could lead to a more severe or milder form of the disease
depending on the haplotype combinations in a given IBD patient. Further studies linking
function of TL1A and TLR8 to relative haplotypes may well be able to address this
question. If the TLR8 signaling can also suppress TL1A production in vivo, the TLR8
pathway may be important in preventing or controlling severe chronic inflammation such as
is seen in CD.
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Materials and Methods
Peripheral blood cell isolation and culture

Blood was obtained from normal donors after informed consent in accordance with
procedures established by the Cedars-Sinai Institutional Review Board (IRB number 2673).
CD14 + Monocytes were isolated from PBMC as described previously [11]. CD4+ T cells
were isolated from PBMC using a human T lymphocyte Enrichment Set (BD Biosciences)
and cultured for 16 h in the presence of human IL-12 (0.25 ng/ml; PeproTech) and human
IL-18 (6.25 ng/ml; MBL) in RPMI complete medium.

Stimulation of monocytes
Monocytes were plated in 12-well plates and stimulated for 16 h with immune complex (IC)
and TLR8 agonist (3M-002, 3M Pharmaceuticals), TLR7/8 agonists (R848, 3M
Pharmaceuticals), LPS (100 ng/ml), Pam3CSK4 (InvivoGen, 300 ng/ml), Flagellin (10 μg/
ml). Plate bound, cross-linked human IgG (IC) was prepared as described elsewhere [11].
For IFN-α experiments, monocytes were preincubated with recombinant human IFN-α
(BioSource) at 100 or 1000 U/ml, anti-human IFN-α antibody (Chemicon) at 20 μl/ml, or,
anti-human IFN-α receptor antibody (PBL Biomedical Laboratories) at 20 μg/ml for 1 h and
then incubated with TLR8 agonist or R848 in the presence or absence of IC stimulation.

Co-culture of CD4+ T cells with monocytes
After 16 h stimulation of CD4+ T cells with IL-12 and IL-18, medium was replaced with
fresh medium supplemented with IL-12 and IL-18 and cells were added to autologous
monocytes supplemented with TLR8 agonist or R848. Before co-cultures, monocytes were
incubated with TLR8 agonist or R848 in the presence or absence of IC for 16 h. At the time
of co-culture, recombinant TL1A was added as positive control. Co-cultures were incubated
for 48 h and supernatants were harvested and analyzed for IFN-γ and TL1A production by
ELISA.

PCR and Real-time PCR analysis
Total RNA was isolated from monocytes using TRIzol (Invitrogen Life Tchnologies)
according to the manufacturer’s protocol. TLR8 transcripts were amplified by reverse
transcriptase PCR using TLR8 RT-primers (InvivoGen). TL1A and β-actin transcripts were
anayzed by quantitative real-time RT-PCR as described previously [11].

Analysis of TL1A, IL-6, TNF-α, IFN-γ, IL–10 and IFN-α by ELISA
TL1A was quantified in supernatants from stimulated monocytes using an ELISA as
described previously [11]. Human IL-6, TNF-α, or IFN-α concentrations were measured by
ELISA (IL-6, TNF-α: eBioscience, IFN-α: Bender MedSystems). Human IL-10 and human
INF-γ were measured by ELISA as described previously [3].

Flow Cytometry
Monocytes stimulated with IC or bacteria for 16 h were stained with the TL1A Ab as
described previously [11]. Cells were analyzed on a CyAn™ ADP flow cytometer (Dako
Cytomation, Carpinteria, CA) and analyzed with the Summit 4.1 software package (Dako).

Statistics
Statistical significance was determined by Student’s t test. A value of p < 0.01 was
considered to be statistically significant.
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FIGURE 1. The TLR8 ligand R848 is an efficient inhibitor of IC-induced TL1A expression
CD14+ monocytes were incubated with LPS, Pam3, Flagellin, or R848 in the presence or
absence of IC for 16 h. The control (Co) represents incubation in medium alone. (A) TL1A
mRNA was analyzed by real-time PCR. Data are expressed as % of β-Actin mRNA
expression. (B) Supernatants were harvested and TL1A protein levels analyzed by ELISA.
Means ± SD are shown (n=2). Shown is one representative experiment out of three
independent experiments.
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FIGURE 2. TLR8 expression and induction of cytokines in IC-stimulated monocytes
(A) Monocytes were isolated from the peripheral blood of healthy donors (n=6) and
incubated for 16 h. RT-PCR for TLR8 is shown. The positive control (pos Co) was
purchased from InvivoGen. M represents molecular weight markers (B–D) Differential
production of cytokines by monocytes isolated from individual donors and stimulated with
3M-002 (TLR8 agonist) or R848 (TLR7/8 agonist) in the presence or absence of IC. The
control (Co) represents incubation in medium alone. (B) IL-6 (n=8), (C) TNF-α (n=8), and
(D) IL-10 (n=5) levels in supernatants were measured by ELISA. Means are shown as black
bars. *, p<0.05; **, p<0.001; ***, p<0.0001 (Student’s t-test).
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FIGURE 3.
TLR8 ligands inhibit IC-induced TL1A expression. TL1A mRNA, TL1A secretion, and
TL1A membrane expression were determined following stimulation of monocytes with 10
μM 3M-002 (TLR8 agonist) or 10 μM R848 (TLR7/8 agonist) in the absence or presence of
IC. The control (Co) represents incubation in medium alone. (A) TL1A transcript levels
were quantified by real-time RT-PCR and expressed as percent β-actin transcript levels
(n=16). (B) TL1A secretion in supernatants was measured by ELISA (n=30). (C) TL1A
expression on the surface of monocytes was evaluated by flow cytometry (n=20)and the
results presented as % monocytes expressing TL1A. Means are shown as black bars. *,
p<0.05; **, p<0.001; ***, p<0.0001 (Student’s t-test).
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FIGURE 4.
TLR8 agonist and R848 abrogate IC-stimulated monocyte enhancement of IFN-γ production
by autologous CD4+ T cells. CD4+ T cells were isolated and incubated overnight with IL-12
and IL-18. The next day, autologous T cells were either cultured alone or co-cultured in the
presence or absence of 3M-002 (TLR8 agonist) or R848 (TLR7/8 agonist) with monocytes
that had been preincubated with or without IC for 16 h. The control (Co) represents
incubation in medium alone. After 48 h, supernatants were harvested and analyzed for (A)
TL1A and (B) IFN-γ production by ELISA. Representative data of two experiments with
similar results is shown (n=3).
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FIGURE 5. IFN-α is not required for TLR8 inhibition of IC-induced TL1A production
(A) IFN-α and (B) TL1A production in monocytes stimulated with or without anti-IFN-α
antibodyor control IgG1 in the presence or absence of IC and 3M-002 (TLR8 agonist) or
R848 (TLR7/8 agonist) were measured by ELISA (n=3 per treatment group). (C) IFN-α and
(D) TL1Aproduction in monocytes stimulated with or without recombinant IFN-α in the
presence or absence of IC and 3M-002 (TLR8 agonist) were measured by ELISA. One
representative experiment is shown (n=3). (E) TL1A production in monocytes stimulated
with or without anti-IFN-α receptor antibody or control IgG1 in the presence or absence of
IC and 3M-002 (TLR8 agonist) or R848 (TLR7/8 agonist) was measured by ELISA. One
representative experiment out of two independent experiments is shown (n=3).
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