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TL1A/TNFSF15 directly induces proinflammatory
cytokines, including TNFa, from CD3 + CD161 +
T cells to exacerbate gut inflammation

SJin»’,J Chin"’, S Seeber?, ] Niewoehner?, B Weiser?, N Beaucampz, ] Woods', C Murphy3 A Fanning3,
F Shanahan®, K Nally3 , R Kajekar5 , A Salas®, N Planell®, ] Lozano®, J Panes®, H Parmar’, ] DeMartino’,
S Narula' and DA Thomas-Karyat'

Tumor necrosis factor (TNF)-like cytokine 1A (TL1A)/TNF superfamily member 15 (TNFSF15) is a proinflammatory
cytokine and TNFa superfamily member that is linked preclinically and clinically to inflammatory bowel disease (IBD).
By homology and function, TNFa is its closest family member. In this study, we investigated the mechanism of
TL1A-induced inflammation in CD4 + T cells and compared it with the TNFa pathway. We found that TL1A induces
proinflammatory cytokines, including TNFe, from isolated human CD4 + CD161 + T cells, whereas these cells were
resistant to TNFa treatment. Anti-TNFa failed to block TL1A-induced cytokine production, indicating that the effects of
TL1A are direct. Lastly, CD161 and TL1A expression were significantly and selectively increased in gut tissue biopsies,
but not in the peripheral blood, from IBD patients. Thus, TLIA not only functions upstream of TNFg, driving its expression

from CD161 + T cells, but is also independent of TNFea. These findings may have therapeutic IBD implications.

INTRODUCTION
Tumor necrosis factor (TNF)-like cytokine 1A (TL1A)/TNF
superfamily member 15 (TNFSF15) is a proinflammatory
cytokine and a member of the TNFo superfamily, as it was
originally characterized in a screen for novel molecules with
homology to TNFa."* TL1A is expressed on activated T cells,
dendritic cells, and monocytes, as well as induced by TNFo and
interleukin (IL)1e: in Huvec cells in vitro.">=> In contrast to the
TNFa receptors, which are expressed on essentially all cells, the
receptor for TL1A, death receptor 3 (DR3), is primarily
expressed on T cells, natural killer (NK) cells, and NK T (NKT)
cells, thereby limiting the effects of TL1A."® A nonfunctional,
soluble receptor, decoy receptor 3 (DcR3), also binds to but
inhibits TL1A activity.' In the presence of T-cell receptor
stimulation, TL1A potentiates T-cell activation, cytokine
production, and proliferation.'

Owing to its proinflammatory and costimulatory activity,
TL1A has been linked to clinically active inflammatory bowel

disease (IBD).*” Genome-wide association study studies have
identified polymorphisms in the TLIA gene that lead to
increased susceptibility to IBD in multiple ethnic popula-
tions.*'*> Moreover, several studies have demonstrated an
increase in TL1A RNA in tissue biopsies, as well as DR3
expression on CD4 + T cells in IBD patients.w’15 In addition,
previous data have demonstrated that ulcerative colitis (UC)
patients with both active and quiescent disease and Crohn’s
disease (CD) patients with colon involvement have slightly
elevated serum TLIA levels."®"”

Itis well established that TNFo plays a significant role in IBD,
Since, neutralizing TNFo therapies are the first-line biological
therapy, following immunosuppressants and steroids.”'®"
While 60% of CD patients respond to anti-TNFa therapies,
40% remain resistant and at least half of the initial anti-TNFa
responders become refractory to anti-TNFo within a year.*’
Therefore, there is significant room for improvement in IBD
therapies.
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Similar to TNFa, TL1A is a trimeric molecule that is
expressed as a membrane protein as well as a proteolytically
cleaved soluble form.”' However, very little data are available
regarding membrane-only TL1A, as most studies have solely
investigated the function of soluble TL1A. For instance, in the
presence of both IL12 and IL18, soluble TL1A can significantly
enhance interferon (IFN)y expression in CD4 + T cells.?>* As
both IL12 and IL18 are upregulated in CD patients and
T-helper (Th)1 cytokines have long been implicated in CD
pathology, TL1A may exacerbate disease via potentiating
proinflammatory cytokine production.**™*’

CD161 (also known as KLRB1) is an NK-like receptor
expressed on all NK cells, and is also expressed on approxi-
mately 25% of blood-resident CD4 + T cells. While 50-60% of
lymphocytes cells in the gut are CD3 4+ CD4 4 CD161 +, the
number of CD4 + CD161+ T cells in CD patient lesions is
increased, suggesting that CD161 + T cells have a critical role
in CD pathogenesis.”®*° CD4 + CD161 + T cells have a Th17-
like phenotype, producing IL17, while also producing TFNy.*
Even though CD4+ CCR6+ CD161+ T cells are Th17 in
origin, at sites of inflammation, they revert into a Thl-like
phenotype.’' A recent report demonstrated an increase in IFN'y
production in blood-derived CD4 + CD56 — CD161 + T cells
following agonistic anti-DR3 stimulation.* As TL1A has a
propensity to drive inflammation in the gut, this cell population
may have a unique role in gut-specific TL1A biology.

In this study, we investigated the mechanism of TL1A-
induced inflammation in human CD4 + T cells and compared
the effects to the TNFa-induced pathway. Both soluble and
membrane TL1A directly induces proinflammatory cytokines
from CD4 + CD161 + T cells, while these cells are resistant to
TNFa. More importantly, TL1A induces TNFo expression
from CD161+ T cells, suggesting that TL1A is upstream of
TNFa. Soluble and membrane TL1A-induced cytokine expres-
sion was inhibited by a novel neutralizing anti-TL1A antibody,
but not by an anti-TNFo antibody, indicating that TL1A
directly affects CD161 + T cells. Finally, we have demonstrated
that CD161 and TLIA expressions are both significantly
elevated in gut biopsies, but not in the peripheral blood, of CD
patients. We propose that TL1A drives gut inflammation both
in parallel and upstream of TNFa, via direct potentiation of
TNFa and other proinflammatory cytokines from CD4+
CD161+ T cells. Thus, neutralization of TLIA has
the potential to block two pathways important to the
pathophysiology of IBD.

RESULTS

Soluble TL1A directly induces TNFa, IFNy, and 1L2
expression from anti-CD3-activated CD4 + T cells

To determine the effects of TL1A on human CD4 + T cells,
anti-CD3-activated T cells were treated with TL1A and a panel
of selected cytokines and activation markers were analyzed by
Tagman, enzyme-linked immunosorbent assay, and flow
cytometry. By quantitative polymerase chain reaction (QPCR),
we found that soluble TL1A induced expression of TNFu, IL2,
IFNy, and CD25 that was inhibited by soluble DcR3-Fc
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(Figure 1; P<0.01). In contrast, TL1A was unable to potentiate
the expression of cytotoxic T-lymphocyte antigen 4 (CTLA4) or
TNF receptor II (TNFRII). While IL2, IFNYy, and CD25 were all
predicted as responsive to TL1A, we were surprised to see that
TLIA induced TNFo from CD4+ T cells." We confirmed
TL1A-induced protein expression of TNFo over time
(Figure 1b). In addition, we demonstrated an increase in
IL2, IFNYy, and CD25 expression, as well as a slight increase in
DR3 expression over time (Supplementary Figure 1 online).
As TNFo also has direct effects on CD4 + T-cell activation and
proliferation, we treated cells with TL1A plus a neutralizing
anti-TNFo antibody and demonstrated that IL2 expression was
not affected (Figure 1c). Thus, the effects of TLIA on CD4 + T
cells are direct and not secondary owing to TNFo. expression.

Neutralizing anti-human TL1A antibody-0011 potently
inhibits both soluble and membrane-bound TL1A

To investigate the role of TL1A in CD4 + T-cell biology, we
generated a mouse anti-human TL1A monoclonal antibody-
0011. To confirm its neutralizing activity, CD4 + T cells were
treated with soluble TL1A plus increasing concentrations of
anti-TL1A-0011 for 24h and found that anti-TL1A-0011
neutralized soluble TL1A-induced IL2 production from anti-
CD3-activated human CD4 + T cells (Figure 2a; P<0.05). As
TL1A-induced phosphorylation of nuclear factor-«B is part of
the TL1A signaling pathway, we measured phosphorylation of
nuclear factor-xB in CD4 + T cells by intracellular phospho-
flow cytometry.* TL1A induced phospho-nuclear factor-kB in
CD4+ T cells within 10 min, which can be completely
inhibited by anti-TL1A-0011, in a dose-dependent manner
(Figure 2b,c; P<0.005).

Although TL1A is functional in both soluble and membrane-
bound (Mb) forms, comparison between the two has thus far
been restricted to induction of IFNy expression.”' Therefore,
we next tested whether anti-TL1A-0011 could bind to and
inhibit soluble and membrane TL1A. Using immunofluores-
cence, we confirmed that anti-TL1A-0011 binds to endogenous
membrane TLIA on immune complex-activated monocytes
(Figure 2c). Owing to the low percentage of cells expressing
membrane TLIA (<20%), we generated a noncleavable,
membrane-only TL1A Chinese hamster ovary (CHO) cell
line (MbTL1A) by replacing amino acids 67-94 in full-length
human TL1A with a flexible (G4S)4 linker.>? Compared with
transfection of full-length TL1A into CHO cells, which express
both soluble and membrane TL1A, MbTL1A-CHO clones
expressed only membrane TL1A, but not soluble TL1A
(Figure 2d). In addition, flow cytometry confirmed that
DR3Fc, DcR3-Fe, as well as anti-TL1A-0011 bind to MbTLIA,
indicating that we have maintained receptor binding
(Figure 2e). To compare the biology of the two forms of
TL1A, purified human CD4 + T cells were cocultured with
fixed amounts of MbTL1A or soluble TL1A plus anti-CD3 and
cytokine production was measured after 24 h. We found that
MbTLIA and soluble TL1A were capable of potentiating
TNFa, IL2, and IFNy production from CD4+ T cells
(Figure 2f; P<0.04). In addition, expression of
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Figure 1 Tumor necrosis factor (TNF)-like cytokine 1A (TL1A) induces proinflammatory cytokine production, including TNFa, from CD4 +

T cells. (a) Naive human CD4 + T cells were activated with anti-CD3 plus TL1A, in the presence or absence of 10 ugml~ " decoy receptor 3 (DcR3)-Fc
inhibitor. After 48 h, RNA was harvested and gene expression analyzed via quantitative polymerase chain reaction (qQPCR). (b) Naive CD4 +
T cells were treated as in a, but supernatants were harvested at 24, 48, or 72 h and TNFo was measured by AlphaLISA. (¢) Naive human CD4 + T cells
were treated as in a, but cells were also treated with 10 ugml ~' neutralizing anti-TNFo antibody or isotype control, for 48 h. Interleukin (IL)-2
was measured by AlphaLISA; n= 4 replicates per group. CTLA4, cytotoxic T-lymphocyte antigen 4; hTNF, human TNF; IFN, interferon; NT, not receiving

any treatment; TNFRII, TNF receptor II.

granulocyte—-macrophage-colony-stimulating factor, IL4, and
IL5 was increased (Supplementary Figure 2 online). Other
than IFNy, whose expression was only partially blocked by anti-
TL1A-0011, MbTL1A-induced expression of the remaining
cytokines is completely blocked by anti-TL1A-0011. Thus,
soluble and membrane TLIA are both capable of inducing
TNFo in anti-CD3-activated CD4+ T cells, which can be
inhibited by anti-TL1A-0011.

Both soluble and MbTL1A directly potentiate IFNy and TNFa
expression from IL12- and IL18-stimulated CD3 + T cells
Previous reports demonstrated that TL1A synergizes with IL12
and IL18 to potentiate IFNY expression in CD4 + T cells.'®*>%
As IL12 and IL18 are both expressed and create a proin-
flammatory environment in CD patients, we used these
stimulation conditions to analyze the effects of TL1A compared
with TNFa. We found that both cytokines induced IFNYy in a
dose-dependent manner (Figure 3a) and anti-TL1A-0011
inhibited TLI1A-induced IFNy expression (Figure 3b;
P<0.004). Interestingly, TL1A was again able to induce low
levels of TNFa in whole blood (P<0.03) and treatment with
anti-TNFa did not significantly inhibit soluble TL1A-induced
IFNy expression (Figure 3¢,d). TL1A also induced TNFo from
isolated human peripheral blood mononuclear cells (hPBMCs),
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which was inhibited with anti-TL1A-0011 (Figure 3e;
P=3x10"°). Thus, TNFa is also induced by TLIA with
IL12 plus IL18 treatment, indicating that it is a reproducible
response, irrespective of the stimulation conditions.

Repeating the IL12-IL18 assay with MbTL1A cells, we found
that there was a dose-dependent increase in IFN7y production,
which could be inhibited by anti-TL1A-0011 (Figure 3f,g;
P =10.0006). Even though TNFa was induced by MbTL1A in
CD4 + T cells, anti-TNFo was unable to significantly block the
MbTL1A-induced IFNYy expression (Figure 3g). Other
cytokines induced by both MbTL1A and soluble TL1A, but
not TNFa in hPBMCs, are granulocyte-macrophage colony-
stimulating factor, IL4, IL5, and IL13 (Supplementary Figure 3
online). Thus, TL1A directly induces IFNy and TNFo from
both whole blood and hPBMCs, independent of TNFa
expression.

As both T lymphocytes and NK cells express DR3, we next
investigated which cell population was responding to TL1A.
Using flow cytometry, hPBMCs were subdivided into CD3 +
CD56 — T cells, CD3 — CD56 + NK cells,and CD3 + CD56 +
NKT cells. In the presence of IL12 and IL18, NK cells, NKT
cells, and CD3+ T cells increased the amount of IFNy
produced per cell (Figure 3h). Although a significant
proportion of T cells and NKT cells produce IFNYy, only
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Figure2 Neutralizing antitumor necrosis factor-like cytokine 1A (TL1A) an

tibody-0011 inhibits both soluble (s) and membrane-bound TL1A (MbTL1A).

(a) Human CD4 + T cells were treated as in Figure 1¢, but increasing amounts of anti-TL1A-0011 was added to the culture before interleukin
(IL)2 analysis; n= 3 replicates per group. (b) Human peripheral blood mononuclear cells (hPBMCs) were treated with TL1A plus increasing

concentrations of anti-TL1A-0011 orisotype (iso) control for 10 min. Cells we

re gated on CD4 + and phosphorylation of nuclear factor-«B (ph-NF-«xB) was

measured by flow cytometry. (¢) Purified human CD14 + monocytes were activated with immune complexes and then stained with mouse anti-human
TL1A-0011 antibody or immunoglobulin G (IgG)2A isotype control antibodies (original magnification: 400 x ). (d) Empty Chinese hamster ovary (CHO)
cells or MbTL1A-expressing CHO cells were stained with anti-TL1A-0011 and analyzed via immunofluorescence. Full-length TL1A and MbTL1A were

expressed in CHO cells and supernatants were analyzed via TL1A enzyme-|

inked immunosorbent assay (ELISA) (Enzo) (original magnification: 525 x ).

(e) MbTL1A-CHO cells were stained with recombinant human (rh) DR3-Fc or decoy receptor 3 (DcR3)-Fc, and anti-Fc-fluorescein isothiocyanate (FITC)-

conjugated secondary antibody was used to detect expression. (f) Human C
CHO-MbTL1A cells, or200ngml ™~ TsTL1A for 24 h. In some cases, cells weri
harvested and cytokine measured by Luminex. Samples were run in duplicat
Fas ligand; NT, not receiving any treatment.

CD3 + T cells increased the number of cells producing IFNy
following TL1A treatment (Figure 3i; 1.8-fold increase
compared with NK and NKT cells). TNFo induced IFNy
expression in NK cells (data not shown).

TL1A drives IFNy expression in CD3 +CD56 —CD161+ T
cells, while they remain resistant to TNFa

When hPBMCs were treated with IL12 and IL18 plus an
agonistic anti-DR3 antibody, the percentage of IFNy-produ-
cing CD161 + T cells increased.'® However, before this study,
(1) it was unknown whether these cells also respond to TNFa.
and (2) if so, whether TL1A differentially increases the
expression of other cytokines in CD161 + T cells, in addition
to IFNy. As reported previously, TL1A increases IFNy
expression in CD161+ T cells, whereas CD161 — cells do
notrespond (Figure 4a). Remarkably, however, when cells were
treated with TNFao., we found that, unlike TL1A, TNFa does not
induce IFNYy expression in CD3+ CD56 — CD161 + cells,

Immunology | VOLUME 6 NUMBER 5 | SEPTEMBER 2013

D4 + T cells were cultured on anti-CD3-coated plates plus empty CHO cells,
e also treated with 10 ug ml ~ ' anti-TL1A-0011. After 24 h, supernatants were
e and a minimum of three times. DR3, death domain-containing receptor; FL,

despite inducing IFNYy in the whole blood assay (Figure 4b).
In contrast to TNFoa, TLI1A consistently increases the
percentage of CD161+ T cells that respond, as well as the
amount of IFNy produced per cell (Figure 4c,d; P=0.009).
TL1A induces an average 3.2-fold increase in IFNy expression,
whereas TNFa induces only an average 1.5-fold increase
(P=0.008), across eight different donors. Consistent with this,
IL12 and IL18 treatment increased DR3 levels solely on
CDI161+ cells, but not CD161 — cells (Supplementary
Figure 4A online). However, the expression of TNFRII was
also higher on CD161 + T cells compared with CD161 — T
cells (Supplementary Figure 4B online). Expression of TNFRI
was higher in CD161 — cells, but the overall levels were very
low (mean fluorescence intensity <30; data not shown). As
expected, levels of the chemokine receptor, CCR6, were higher
on CD161 + T cells (Supplementary Figure 4C online). Thus,
TNFo nonresponsiveness in CD161 + T cells is not due to
absent receptor expression levels. Finally, we demonstrated that
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Figure 3 Tumor necrosis factor (TNF)-like cytokine 1A (TL1A) directly induces TNFa and interferon (IFN)y in interleukin (IL)12 plus IL18-stimulated
whole blood. (a) Peripheral blood was treated with IL12 and IL18 plus increasing concentrations of TL1A or TNFa for 24 h. Supernatants were analyzed
for IFNy expression by AlphalLISA. (b) Whole blood was treated with 50 ngml ~ ' TL1A as in a, but increasing concentrations of anti-TL1A-0011 antibody
was added. IFNy was measured as above. (¢) Whole blood was treated as in a, but TNF-a was analyzed instead by AlphaLISA. (d) Whole blood was
treated with 50ngml~ ' of TL1A or TNFax, plus 15ugml~" anti-TL1A-0011 or anti-TNFa, and IFNy was analyzed. (e) Human peripheral blood
mononuclear cells (hPBMCs) were treated with IL12 and IL18 plus TL1A, anti-TL1A-0011, or isotype (iso) control, and the total amount of TNFa was
measured in the supernatant after 24 h. (f) hPBMCs were cultured with IL12, IL18, and increasing amounts of membrane-bound TL1A (MbTL1A) Chinese
hamster ovary (CHO) cells and IFNy was measured. Untransfected CHO cells did not induce IFNy (data not shown). (g) A total of 5 x 10* CHO-MbTL1A
cells were cultured with hPBMCs, IL12, IL18, plus increasing concentrations of anti-TL1A-0011, anti-TNFa, or iso control. IFN-y was measured as above
after 24 h. (h, i) hPBMCs were treated with IL12 and IL18 plus 50 ngml ~ ' TL1A. Cells were then gated on CD3 + T cells, CD3 + CD56 — natural killer
(NK) cells, CD3+CD56+ NK T (NKT) cells, or CD3 —CD56 — lymphocytes, and (g) the percentage of IFNy-producing cells or (h) the mean
fluorescence intensity (MFI) of IFNy was analyzed by flow cytometry. All samples were run with a minimum of three replicates per sample. 1gG,

immunoglobulin G; NT, not receiving any treatment.

anti-TL1A-0011 inhibited TL1A-induced IFNYy production
from CD161+ T cells, whereas anti-TNFa was unable to
inhibit significantly the amount of IFNy produced
(Figure 4e,f). In this donor, anti-TNFo modestly decreased
the number of IFNy-producing CD161 + cells. Overall, TL1A
directly affects CD161 + T cells.

TL1A, but not TNFa, induces proinflammatory cytokine
expression, including TNFa, IFNy, IL6, and IL17, from
isolated CD4 - CD161 4 T cells

Although we confirmed that TL1A does not rely on TNFa to
induce proinflammatory cytokines from CD161+ T cells,
other cytokines may be induced in CD161 — T cells that
indirectly affect CD161+ T cells. Therefore, we isolated
CD161 + or CD161 — cells and analyzed TL1A- or TNFa-
induced expression of a broad array of proinflammatory
cytokines. We initially analyzed intracellular IFNy and TNFo
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expression and found that CD161 + T cells produced both
cytokines in response to TL1A, but not to TNFo. (Figure 5a-c;
P<0.01). Analysis of the supernatants confirmed induction of
both IFNy and TNFa by TLIA in CDI161+ T cells
(Figure 5b,d). In general, CD161 — T cells did not respond
to TL1A, but there was a slight increase in IFNy production,
although the amount of IFNy produced by CDI161+ is
significantly different from CD161 — cells (Figure 5c;
P=0.006). We next analyzed the supernatants for the
expression of a 17-plex panel of cytokines. With the
exception of IL8, which is expressed by both CD161+ and
CD161 — cells, TL1A induces significant levels of IL6, IL17,
granulocyte-macrophage colony-stimulating factor, and IL13
from CD161 4+ compared with CD161 — T cells (Figure 5g;
P<0.0002). The remaining cytokines analyzed in the multiplex
enzyme-linked immunosorbent assay kit were either not
induced by IL12 and IL18 or not potentiated by TL1A
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and (d) the mean fluorescence intensity (MFI) of IFNy were analyzed by flow cytometry. (e, f) hPBMCs were treated as in a, but in certain cases,
anti-TL1A-0011 or anti-TNFa, plus respective isotype (iso) controls, were added to the culture. After 24 h, (e) the percentage of IFNy CD161 + cells or (f)
the MFI of IFNy was analyzed. Each sample was run in quadruplicate. NS, not significant; NT, not receiving any treatment.

(data not shown). TNFa did not induce cytokine expression in
either CD161+ or CD161 — cells, again except for ILS.
Therefore, other than IL8, TL1A induces an array of
proinflammatory cytokines primarily from CD161+ T
cells, which TNFa is unable to do. Depletion of CD4+
CD161+ T cells may be sufficient to eliminate TL1A-induced
proinflammatory cytokine expression.

To investigate whether TL1A is indeed upstream of TNFa in
an in vivo setting, we compared the effects of a surrogate
antimouse TL1A and antimouse TNFo antibodies in an
acute 2,4,6-trinitrobenzene sulfonic acid-induced model of
colitis. Mice treated with either anti-TL1A or anti-TNFa
showed comparable and significant inhibition of disease
progression, as measured by clinical score compared with
isotype control-treated animal, as expected (Supplementary
Figure 5A online and Meylan et al’*). When baseline
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and terminal serum samples were analyzed for cytokine
expression, TNFo expression was significantly inhibited by
anti-TL1A, as predicted by our in vitro studies (Supplementary
Figure 5C online). Thus, TL1A appears to be upstream
of TNFo in an ILI2-dependent in vivo colitis model.
Future studies should address the role of TL1A in chronic
models of colitis (i.e., CD45RBhi T-cell transfer model) and
the efficacy of anti-TL1A and anti-TNFo as a combination
therapy in vivo.

Serum levels of TL1A and responsiveness of blood-derived
CD161+ T cells in CD patients are similar to healthy
volunteers

We next analyzed the responsiveness of CD3+ CD56 —
CD161 + T cells derived from the blood of CD patients
compared with healthy volunteers (HVs). Following treatment
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cytometry, while supernatants were analyzed for (b) IFNy or (d) TNFa expression. (e) Cytokine expression was measured by 17-plex Luminex kits. Each
sample had six replicates. GM-CSF, granulocyte—-macrophage colony-stimulating factor; NS, not significant; NT, not receiving any treatment.

with TL1A, there was no difference in the average percentages
of CD161+ T cells in HVs vs. CD patient samples and
treatment with IL12/IL18 and/or TL1A did not affect the
number of CD161 + T cells (Figure 6a). Similar to HV-derived
CD161 + T cells, CD patient-derived CD161 + T cells treated
with TL1A still induced IFNy expression, whereas TNFo did
not (Figure 6b). However, there was no difference between the
magnitude of the response between HVs (Supplementary
Figure 6 online and Figure 3) and CD patient-derived
CD161+ T cells (Figure 6b), indicating that CD patient-
derived CD161+ T cells from the peripheral blood are not
more responsive to TL1A. While the levels were low, there was
no difference in DR3 levels (data not shown).

Although they are not more responsive, CD patients may
have elevated serum levels of TL1A, leading to increased
expression of serum IFNYy or other proinflammatory cytokines.
However, when we analyzed serum cytokine coexpression,

892

neither TL1A nor TNFa levels were elevated in CD or UC
patient samples compared with controls (Figure 6¢,d). Thus,
TL1A expression and CD161+ T-cell responses are
comparable between CD patients and HVs.

Both TL1A and CD161 are significantly upregulated in CD
patient biopsies

While there is limited biological expression of TLIA in the
peripheral blood of IBD patients, we next investigated the levels
of TLIA, TNF-a, and CDI61 in gut biopsies taken from the
same patients described in Figure 6¢,d. Control, UC patient,
and CD patients, which were further subdivided into disease
localized in either the ileum or the colon, were analyzed for the
expression of a panel of TL1A-associated genes. Only those
genes whose expression was significantly increased with a
P<0.05 and a fold change (FC) >1.5 were scored as
significantly different (*). Microarray analysis demonstrated
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Figure 7 Tumor necrosis factor (TNF)-like cytokine 1A (TL1A) and CD161 are both significantly and selectively upregulated in the ileum of
Crohn’s disease (CD) patient biopsies. Biopsies were harvested from control patients (n=22), ulcerative colitis (UC) patients (n=17) from CD patients
with disease in the colon, and (n=23) CD patients with disease in the ileum (n=25), and RNA was analyzed via microarray. (a) Expression of TL1A,
CD161, and TNFa and DR3 or (b) decoy receptor 3 (DcR3), interferon (IFN)y, interleukin (IL)17A, and CXCL10 were normalized via the robust multiarray
average (RMA) algorithm. P-values were determined by standard ttest. Patient characteristics are listed in Table 2. DR3, death
domain-containing receptor; TNFSF15, TNF superfamily member 15; TNFRSF25, TNF receptor superfamily member 25.

that TL1A was elevated in UC patients (P=0.0005; FC=1.9), significantly increased in the colon (P=0.03) and ileum
ileum of CD patients (P =0.0000003; FC=2.4), and colon of (P =0.007) of CD patients, the fold induction was only 1.4;
CD patients (P=0.02; FC = 1.5), whereas CD161/KLRBI was  therefore, based on our criteria, TNFo levels in CD patients did
significantly and specifically increased only in the ileum of CD  not score as significantly different from controls. IFNy and
patients (P =0.00006; FC=1.9). In UC patients, TNFo and = DcR3/TNFRSF6B expression were significantly increased in UC
TL1A were both increased (Figure 7a). While TNFox was also  and CD patients, whereas there was no change in IL17A, or DR3
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Figure8 Crohn’s disease patients treated with anti TNFo. or standard of care (SOC) have reduced expression levels of TL1A, compared to CD patients
without treatment. CD patient samples from Figure 7 were segregated into patients not receiving any treatment (NT, n=12), treated with anti-TNFo.
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patient biopsies (n=22). Expression of TL1A (c), TNFa (d) or CD161 and IFNy (e) were analyzed by microarray as in Figure 7 and P-values were

generated via student’s t-test. NS, non-significant.

expression (Figure 7a,b). CXCL10 expression was increased in
all patient samples, indicating that all patients had active disease
(Figure 7b).

Previous studies have suggested that TNFo can induce TL1A
expression in Huvec cells and treatment of rheumatoid arthritis
patients with TNFa inhibitors led to a decrease in serum TL1A
levels."'® To determine what effect anti-TNFo. treatment has on
TLIA gene expression, we segregated total CD patient samples
into (1) patients with no treatment (NT), (2) patients
undergoing anti-TNFo treatment, and (3) patients being
treated with first-line, standard of care (SOC). We found that
in CD patients, TLIA levels decreased with anti-TNFa or SOC
treatment, compared with NT samples, but the levels did not go
back to control (Figure 8a). Moreover, there was no difference
in the levels of TLIA between patients treated with anti-TNFo.
or SOC. Interestingly, TNFoo RNA levels did not decrease
following anti-TNFa or SOC treatment (Figure 8b). In
addition, levels of CD161 and IFNy remained the same
whether patients were not treated, or underwent anti-TNFa
or SOC treatment (Figure 8c).

As we were unable to confirm the expression of TLIA
pathway genes as well as several genes associated with TL1A
biology in these patient samples, we collected a second set of
active CD and non-IBD, non-irritable bowel syndrome (IBS)
control patient samples and measured gene sets by qPCR.
CDI61, TNFu, IFNy, and DcR3 are all significantly upregulated
in CD patient biopsies compared with control samples
(Figure 9a,b; P<0.001). In addition, levels of ILI8 were
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significantly elevated, whereas IL12 was increased but was not
significant (Figure 9b; P<0.01). In contrast, levels of DR3
and IL17 were again not significantly elevated (Figure 9b,c).
Finally, levels of the homing receptors, CCR®, integrin-o4,
and -f7, were all significantly elevated, while CCR9 was
increased but not significantly (Supplementary Figure 7
online). Finally, similar to microarray data, CD4 levels were
not increased, while CXCL10 was. We also were able to
segregate patients based on anti-TNFa treatment; however, all
patients were being treated so that there were no untreated
controls. In these samples, there was no difference in
TLIA, TNFx, or CDI61 level in patients treated with
anti-TNFo and other medications, similar to
microarray data (Supplementary Figure 8 online).

our

DISCUSSION

Dysregulation of intestinal CD4 + T subsets is implicated in
IBD etiology, with over exuberant production of Th1 (IFNy and
TNFa) and Th17 (IL17) cytokines predominating in CD, and
Th2 cytokines (e.g., IL13) and IL17 predominating in UC.*
TL1A is a proinflammatory and T-cell costimulatory cytokine,
which is active in both soluble and membrane-bound forms.
TL1A promotes both Th1 and Th17 responses, making it a very
attractive IBD ‘[arget.2 In addition, TL1A is a member of the
TNFo superfamily, sharing overlapping attributes with its
founding member, TNFa. In this study, we investigated the
mechanism of TL1A-induced inflammation in CD4 + T cells,
and compared these effects with TNFa, to determine whether
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Figure 9 Expression of tumor necrosis factor (TNF)-like cytokine 1A (TL1A) and CD161 is confirmed in quantitative polymerase chain reaction
(qPCR) Crohn’s disease (CD) patient biopsies. Biopsies were obtained from 24 noninflammatory bowel disease (IBD), nonirritable bowel syndrome
(IBS) controls, or 13 CD patients with active disease. RNA was harvested and the following genes were analyzed by qPCR: (a) TL1A, TNFa,
and CD161; (b) IFNy, DR3, decoy receptor 3 (DcR3); and (c) IL17A, IL12a, and IL18. Patient characteristics are listed in Table 3. DR3, death

domain-containing receptor. ***P<0.001.

the TL1A pathway is independent, overlapping, or partially
convergent with the TNFo pathway. We found that both
soluble and MbTLIA directly induces proinflammatory
cytokines from CD161 + T cells, while these cells are resistant
to TNFo.. More importantly, TL1A induces TNF« solely from
CD4+4CD161 + T cells, a population of cells implicated in
CD.** In contrast, compared with CD161 + T cells, TL1A does
not induce significant cytokine expression in CD161 — T cells.
While anti-TL1A-0011 inhibited both soluble and MbTL1A-
induced proinflammatory cytokines, neutralizing anti-TNFo
antibodies generally did not inhibit TL1A-induced cytokine
expression, indicating that TL1A is directly driving cytokine
expression. Taken together, our data demonstrate that TL1A is
both upstream and independent of TNFa. As CD161 + T cells
are highly prevalent in the gut tissue, TL1A-driven TNFo
may be a critical local source of TNFo in IBD. TL1A can capitalize
on the proinflammatory environment to potentiate IFNy and
TNFa expression in the gut, but does so independently of TNFa.

A previous study reported that anti-CD3 — CD28 stimula-
tion of CD4+ CD161 + T cells produced high levels of IL17

MucosalImmunology | VOLUME 6 NUMBER 5 | SEPTEMBER 2013

but not IFNYy; IFNy levels only increased when IL1f and IL23
were added.”® However, in our study, TL1A potentiated IL17
expression in isolated CD161+ T cells treated with IL12 and
IL18. Previous data as well as our current qPCR data support a
role for these cytokines in CD patients.”***Thus, different
cytokine milieu and activation strategies are both critical for
defining TL1A-induced T-cell responsiveness and downstream
gene responses.

To provide clinical relevance to the TL1A — CD161 + T-cell
pathway, peripheral blood-derived CD161 + T-cell responses,
as well as serum levels of TL1A and TNFa with corresponding
gene expression in gut biopsies were analyzed in IBD patient
samples. First, CD161 + T cells derived from CD patients were
not more responsive to TL1A compared with HVs. Second,
using serum samples obtained from the same patient samples
analyzed by microarray, we found that TL1A levels were not
elevated in the peripheral blood of CD patients. Previous
studies have shown that TL1A serum levels are slightly elevated
in CD and UC patients.'>'” However, when TL1A expression
in IBD patient serum was compared with their corresponding
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gut biopsies, we found that TL1A appears to be associated with
localized disease in the gut, but not in the peripheral blood, of
IBD patients

While previous data also demonstrated elevated TL1A levels
in CD and UC patients using qPCR, we have demonstrated
elevated expression of the TLIA pathway and relevant
associated genes, including CD161 and IFNy, in IBD patients
by microarray.'*>"">!'” Moreover, using qPCR, the expression of
TLI1A and CDI61 was confirmed in another set of CD patient
samples with active disease. Drawing from our mechanistic
in vitro data, high levels of TL1A may exacerbate disease via
proinflammatory cytokine expression from CD161+ T cells
localized in the gut. Compared with elevated levels in UC
patients, TNFu levels in CD patient biopsies had a P-value
of <0.05, but only had a fold increase of 1.4 by microarray.
Thus, based on our criteria, TNFa was not significantly upregu-
lated in CD patients. However, using qPCR, we demonstrated
that TNFa was elevated in this CD patient subset. Compared
with microarray technology, TNFa levels in qPCR samples may
register as significantly increased owing to the gPCR ampli-
fication technique used to analyze gene expression.

Previous data in RA patient serum has demonstrated
inhibition of TLIA by anti-TNFo.'® We found that anti-
TNFoa and SOC therapies partially inhibited TLIA levels,
whereas other genes, including TNFx RNA levels itself,
remained unaffected. If anti-TNFa or SOC treatment can
control disease severity in certain patients, it stands to reason
that levels of TL1A, if associated with disease progression,
would also decrease. Future studies should directly analyze
TL1A levels in patients before and following anti-TNFo
treatment, and correlate it to disease severity vs. remission.
To better tailor anti-TL1A therapies, the TNFa-responsive
target cell producing TL1A in gut biopsies should also be
investigated. For the first time, were analyzed TL1A plus
associated genes in IBD patient biopsies, providing strong
evidence of the relevance of the TL1A pathway, relative to
TNFa expression in IBD.

While TNFa was previously shown to induce TL1A in
endothelial cells, only now do we appreciate that TL1A drives
TNFa expression, specifically from CD161 + T cells, demon-
strating an intriguing positive feedback loop between the two
cytokines." Using neutralizing anti-TNFo. and anti-TL1A
antibodies, we demonstrated that TL1A drives proinflamma-
tory cytokine expression (i.e., IFNy) independently of TNFa.
Treatment with anti-TL1A antibody could therefore potentially

inhibit both these pathways in patients. However, there are
other sources of TNFo in the gut that do not respond to TL1A
(i.e., macrophages) and will not respond to anti-TL1A
treatment. In this scenario, anti-TNF plus anti-TL1A combi-
nation therapy may be beneficial, especially in those patients
with high TNFo and TL1A levels. In addition, those CD
patients who have become refractory to anti-TNFo therapies
may use the TL1A pathway to bypass the need for TNFa to
drive disease. Future studies should address whether the levels
of TL1A are elevated in CD patients who are resistant to anti-
TNFa therapies.

In conclusion, while there is some overlap between the
two pathways (i.e, IFNy production from peripheral blood),
overall TL1A and TNFo target different cell types, and
consequently, induce different proinflammatory pathways.
Anti-TL1A therapy for CD patients could be beneficial for
two reasons: (1) TL1A drives TNFa expression from CD161 + T
cells, which would contribute to local disease exacerbation and (2)
TL1A induces a proinflammatory pathway in CD161+ T cells
that is independent of TNFa,, but includes expression of IFNy and
other cytokines that could contribute to disease pathology.

METHODS

Whole blood, hPBMCS, and CD4+ T cells assays. To obtain
peripheral blood from HVs, Roche established an internal blood
donation program, which was reviewed and received approval from an
outside IRB (Copernicus Group IRB, Research Triangle Park, North
Carolina). All volunteers were properly consented before becoming an
active donor. For the whole blood assay, heparinized blood was treated
with 2ngml~' IL12 and 20ngml~ ' IL18 (R&D Systems, Min-
neapolis, MN) and 50 ngml ' soluble TL1A for 24 h. Supernatants
were assayed for IFN7y expression by AlphaLISA (Perkin-Elmer,
Waltham, MA). Naive CD4 + T cells were isolated from PBMC of
HVs using the naive CD4 4 T cells isolation kit II (Miltenyi Biotec,
Auburn, CA) and plated on anti-CD3- (3 ugml ~ ') coated plates with
and without TL1A (300 ng ml 1) for 48 h. Medium was harvested for
Luminex 27 Bioplex analysis (Bio-Rad, Hercules, CA) and/or IL2
AlphaLISA and the cells were harvested for Tagman analysis. For
CD161 + studies, total PBMCs were isolated from HVs and treated
with IL12, IL18, and TL1A (200ngml ") or TNFo (200 ng/ml ™~
Peprotech, Rocky Hill, NJ) for 18h, followed by the addition of
GolgiPlug (BD Biosciences) for 4h. Following study approval by
Independent IRB (Sunrise, CA), whole blood was collected from CD
patient with active disease by Bioreclamation, LLC (Liverpool, NY),
following patient consent. Samples were shipped for same-day delivery
and processed simultaneously with HV’s peripheral blood. For flow
cytometry, cells were stained with surface markers, including CD3,
CD4, CD56,CD161, CD45RA, DR3, DR3Fc, DcR3-Fc, CCR6, TNFRI,
and TNFRIL, and intracellular IFNy and TNFa were stained using

Table 1 CD patient characteristics for Figure 6

Donorno. 1 66 Male Lialda, Crestor, ~ Caucasian CD Stable disease 22/2/1945 lleal resection 182 68" MildCD, active, date of diagnosis
ASA, Fish oil, state 2004, date of onset symptoms for
Vitamin, Bystolic active status 2004, dollected at

0900 hours

Donor no. 2 53 Male Allegra; Aciphex; Caucasian ~ CDe Flare-up 18/4/1958 184 70" Mild CD; active; date of diagnosis
Atacand; Asacol; 11/2010; date of onset symptoms
Lexapro; Flovent; for active status 28/9/2011
Lovaza

Donorno. 3 45 Male Nexium; Folic Caucasian CD Stable disease 11/5/1966 lleocolic 167 68" Mild CD; active; date of diagnosis
acid; state resection 1993; date of onset symptoms for
Mercaptopurine active status 9/2010

Abbreviation: CD, Crohn’s disease.
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Cytofix/Cytoperm Plus kit (BD Biosciences, San Jose, CA). Anti-
human TNFa (R&D System) and anti-mouse TNFa (Leinco, St Louis,
MO) were used to neutralize TNFa levels. To isolate CD161 + cells, T
cells were labeled with anti-CD161 fluorescein isothiocyanate and then
CD161 + and CD161 — cells were sorted using Aria sorter (BD
Biosciences). Medium was harvested for Luminex 27 Bioplex analysis
(Bio-Rad). For all in vitro human assays, each experiment was
performed with a minimum of three different human donors and with
an n=2-8 replicates per sample. P-values were generated with
Student’s t-test.

Immunofluorescent labeling of TL1A on activated human monocytes.
Human monocytes isolated from PBMC were plated in 12-well plates
with plate-bound, crosslinked human IgG for overnight. Cells were
then stained with mouse anti-human TL1A monoclonal antibody-
0011 at a final concentration of 1 ugml ~'. Secondary detection was
facilitated using a 1/200 dilution of AlexaFluor 488-conjugated donkey

Table 2 IBD patient criteria for Figures 7 and 8

uc CD Non-IBD controls
Number 17 42 21
Gender (M/F) 12/5 19/23 12/9
Age (years) 459+129 3551128 44.6+9.1
CRP 1.2+1.2 25156 0.18+0.26
Medication (no. of pts)* 9/1/1/2/3/  4/10/2/11/11/ —

1 4

Abbreviations: 5-ASA, 5-aminosalicylic acid; CD, Crohn’s disease; CRP, C-reactive
protein; IBD, inflammatory bowel disease; MP, methylprednisolone; pts, patients;
TNF, tumor necrosis factor.

25-ASA/azathioprine or MP/methotrexate/no treatment/anti-TNF/steroids.

Table 3 Patient characteristics for Figure 9
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anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA). Slides
were examined using a Zeiss Axioplan Il microscope and digital images
captured using Zeiss Axiovision software (Oberkochen, Germany).

Generation of human soluble and membrane TL1A. For the generation
of recombinant human soluble TL1A, amino acids 72-251 were cloned
with the N-terminal tag composed of AviTag, six histidine residues,
and a thrombin-cleavage site under the control of the cytomegalovirus
promoter. The resulting plasmid was transiently transfected into
FreeStyle 293-F cells (Invitrogen, Grand Island, NY). Cell culture
supernatants were harvested 7 days after transfection and purified by
immobilized metal ion affinity chromatography. For the expression of
MbTLIA, the construct was generated by replacing amino acids 67-94
(VQFQALKGQEFAPSHQQVYAPLRADGDK) within human TL1a
by a flexible (G4S)4 linker (GGGGSGGGGSGGGGSGGG GS). CHO
cells (ATCC, Manassas, VA) were transfected, and after 3 weeks of
transfection, single cells were sorted and checked for TL1a expression
by FACS analysis.

Generation of mouse anti-human TL1A antibody. NMRI mice received
six consecutive immunizations of full-length TLIA DNA at days 0, 14,
28, 42, 56, and 70. Animals with highest titers were selected for
boosting at day 96 by intravenous injection of 25 pig of recombinant
human soluble TL1a (R&D System) and monoclonal antibodies were
isolated by hybridoma technology.

Patient populations. Patients with a diagnosis of CD, UC, and non-IBD
controls were included in the study after obtaining written informed
consent. The study was approved by the Institutional Ethics
Committee of the Hospital Clinic (Barcelona, Spain) and was
performed in accordance with the principles stated in the Declaration
of Helsinki. Non-IBD controls were those subjects undergoing

Code assigned Sex  Age Diagnosis Date of Duration of IBD Medication

(AF) (years) diagnosis (years)

CDO01 F 42 CD active 1981 27 Asacolon 400mg t.d.s.

CD02 F 41 CD active 2002 Pentasa; Calcichew; Fosamax; Budesonide

CDO03 M 21 CD active 2006 Budesonide; Prednisolone; Pentasa 1 g g.d.s.; symbicort
inh

CD04 F 44 CD active 1997 12 Clonfolic (?)

CD05 F 30 CD active 2007 2 Asacolon 1.2 g b.d.; Mercaptopurine 50 mg; Ursofalk 1g

CD06 F 52 CD active > Decade 5 Topical steroids (foam enemas) only. Never received anti-TNF

CDO07 F 24 CD active 2009 8 mo 6-Mercaptopurine 50 mg p.o. 0.d.; mesalazine 1.5g b.d.;
Nexium p.r.n.

CD08 F 35 CD active 2006 3 Budesonide 6 mg o0.d.; Nexium 40 mg; Questrum one sachet
0.d.; Motilium

CDO09 F 24 CD active 1999 10 Adalumimab; Asacolon; Calcium; Folate; Implenit

CD10 F 21 CD active 2009 2 mo Eltroxin 100 mg p.o. 0.d.; Budesonide 6 mg p.o. 0.d.; Calcichew

CD11 F 53 CD active 1998 11 Salofalk enemas, other medications unknown

CD12 M 22 CD active 2005 >10 Humira (anti-TNF) alt. week, relapsing disease despite
treatment

CD13 M 40 CD active 1991 17 6MP 100 mg daily, Asacolon 1.6 g b.d., Nexium 40 mg o.d.,

Calcichew tabs 2 daily, Infliximab infusion every 4 weeks,
relapsing
disease despite the treatment

Abbreviations: b.d., twice a day; CD, Crohn’s disease; CRP, C-reactive protein; IBD, inflammatory bowel disease; mo, months; MP, methylprednisolone; 0.d., once a day; p.o.,
per os; p.r.n., as many patients take them; q.d.s., four times a day; t.d.s., three times a day; TNF, tumor necrosis factor.

Bold represents patients on anti-TNFs.
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colonoscopy for mild gastrointestinal symptoms or a screening for
colorectal cancer, and who presented no lesions during examination.
Inclusion criteria for CD and UC patients were: age between 18 and 65
years, and mucosal lesions at the time of study. Endoscopic disease
activity was assessed using the CD endoscopic activity index and the
endoscopic Mayo subscore for CD and UC, respectively. Patients with
concomitant infections were excluded. Serum was obtained from
peripheral blood (5ml) drawn from a total of 42 CD, 17 UC, and 21
non-IBD controls. Clinical and demographic characteristics of the
subjects are shown in Table 1.

Microarray data analysis. Microarray raw data was analyzed using
Bioconductor tools in R (www.r-project.org). The robust multiarray
average algorithm was applied to Affymetrix raw data files to
normalize them, resulting in a log2 expression value for each probe
set. Differential expression analysis was assessed by using linear
models for microarray data, based on empirical Bayes moderated t-
statistics for selected probes. To correct for multiple testing, the false
discovery rate was estimated from P-values derived from the
moderated t-statistics using the method of Benjamini and Hochberg.
Genes were considered significantly up- or downregulated if they had a
P-value <0.05 and at least a 1.5-fold variation in mean expression
(log2 FC>[0.5849)).

qPCR of CD patient biopsies. This study was approved by the Clinical
Research Ethics Committee of the Cork Teaching Hospitals and
patient recruitment was between October 2008 and October 2012.
Informed consent was obtained from all research participants. A single
gastroenterologist was responsible for assessment of the IBD patients
(FS). Biopsies were taken from a predefined and consistent location
immediately proximal to the junction of the sigmoid colon and rectum.
For RNA analysis, a single biopsy was immediately placed and stored
overnight in RNALater (Ambion, Poole, Dorset, UK) at 4°C.
Following overnight saturation, the biopsies were placed in fresh
RNALater and stored at —80°C. Total RNA was isolated from
sigmoidal biopsies using the mirVana miRNA Isolation Kit (Ambion,
Foster City, CA). cDNA was synthesized using 1 ug total RNA. Al PCR
reactions were performed in duplicate using TagMan assays (Applied
Biosystems, Life Technologies, Foster City, CA) in 384-well plates on
the LightCycler 480 system (Roche Applied Science, Indianapolis, IN).
Statistical significance was determined with one-way analysis of
variance with post hoc analysis. All statistical tests were performed
using commercially available statistic software (GraphPad Software, La
Jolla, CA). Data are represented by mean + s.e.m., unless otherwise
stated. P-values of <0.05 were considered significant (*P<0.05,
**P<0.01, and **P<0.001).

SUPPLEMENTARY MATERIAL is linked to the online version of the paper
at http://www.nature.com/mi
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