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SUMMARY

TNF superfamily member 15 (TNFSF15) promotes bacterial
uptake and intracellular bacterial clearance in human mac-
rophages, and autocrine/paracrine TNFSF15 is required for

optimal induction of antimicrobial pathways upon innate
receptor stimulation. Macrophages from TNFSF15 inflam-
matory bowel disease risk carriers show higher levels of
these antimicrobial processes.

BACKGROUND & AIMS: TNESF15 genetic variants leading to
increased TNF superfamily member 15 (TNFSF15) expression
confer risk for inflammatory bowel disease (IBD), and TNFSF15
is being explored as a therapeutic target in IBD patients.
Although the focus for TNFSF15-mediated inflammatory out-
comes has been predominantly on its action on T cells,
TNFSF15 also promotes inflammatory outcomes in human
macrophages. Given the critical role for macrophages in bac-
terial clearance, we hypothesized that TNFSF15 promotes
antimicrobial pathways in human macrophages and that mac-
rophages from TNFSF15 IBD risk carriers with higher TNFSF15
expression have an advantage in these antimicrobial outcomes.

METHODS: We analyzed protein expression, signaling, bacterial
uptake, and intracellular bacterial clearance in human monocyte-
derived macrophages through flow cytometry, enzyme-linked
immunosorbent assay, and gentamicin protection.

RESULTS: Autocrine/paracrine TNFSF15 interactions with
death receptor 3 (DR3) were required for optimal levels of
pattern-recognition-receptor (PRR)-induced bacterial clearance
in human macrophages. TNFSF15 induced pyruvate dehydro-
genase kinase 1-dependent bacterial uptake and promoted
intracellular bacterial clearance through reactive oxygen species,
nitric oxide synthase 2, and autophagy up-regulation. The
TNFSF15-initiated TNF receptor-associated factor 2/receptor-
interacting protein kinase 1/RIP3 pathway was required for
mitogen-activated protein kinase and nuclear factor-«B activa-
tion, and, in turn, induction of each of the antimicrobial pathways;
the TNFSF15-initiated Fas-associated protein with death
domain/mucosa-associated lymphoid tissue lymphoma trans-
location protein 1/caspase-8 pathway played a less prominent
role in antimicrobial functions, despite its key role in TNFSF15-
induced cytokine secretion. Complementation of signaling
pathways or antimicrobial pathways restored bacterial uptake
and clearance in PRR-stimulated macrophages where
TNFSF15:DR3 interactions were inhibited. Monocyte-derived
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macrophages from high TNFSF15-expressing rs6478108 TT IBD
risk carriers in the TNESF15 region showed increased levels of
the identified antimicrobial pathways.

CONCLUSIONS: We identify that autocrine/paracrine TNFSF15 is
required for optimal PRR-enhanced antimicrobial pathways in
macrophages, define mechanisms regulating TNFSF15-dependent
bacterial clearance, and determine how the TNFSF15 IBD risk ge-
notype modulates these outcomes. (Cell Mol Gastroenterol Hepatol
2021;11:249-272; https://doi.org/10.1016/jjcmgh.2020.08.003)

Keywords: Pattern Recognition Receptors;
Crohn’s Disease; Genetics.

Macrophages;

mmune-mediated diseases, such as inflammatory

bowel disease (IBD)," show dysregulated cytokines. In
the intestine, regulating pattern recognition receptor (PRR)-
initiated signaling and cytokine secretion is crucial given
ongoing host-microbial interactions.”* One such cytokine
pathway is TNF superfamily member 15 (TNFSF15). The
TNFSF15 pathway promotes inflammation in a variety of
diseases.*® Moreover, genetic variants in the TNFSF15 re-
gion are associated with multiple diseases,”” including
IBD*'%"'2 and leprosy."” Specifically, genetic variants in the
TNFSF15 region leading to an increase in TNFSF15
expression’*™” are associated with increased risk for
IBD.>'°"'2 TNFSF15 risk variants in IBD are frequent (40%-
50% in European ancestry individuals per Single Nucleotide
Polymorphism Database). Moreover, IBD risk variants in
TNFSF15 are notable for leading to a particularly large effect
size in Asian ancestry individuals (odds ratio, 1.75)."® Consis-
tent with the increased TNFSF15 expression with TNFSF15
region genetic risk variants, TNFSF15 expression is up-
regulated in intestinal tissues of IBD patients.'”’ Further-
more, blocking/reducing TNFSF15-death receptor 3 (DR3)
interactions ameliorates inflammation and/or fibrosis in
mouse models of experimental colitis.>*** As such, reducing
TNFSF15 pathway responses currently is under active inves-
tigation as a therapeutic approach, including in IBD patients
(ClinicalTrials.gov). Understanding the mechanisms and cell
subsets through which TNFSF15 contributes to immune ho-
meostasis and disease is important in the context of such
therapeutic interventions, as well as in considering the manner
in which the genetic variants in TNFSF15 modulating TNFSF15
expression may regulate immunity.

The beneficial effects of blocking TNFSF15 in inflammatory
models has been attributed primarily to myeloid cell-derived
TNFSF15 interactions with DR3-expressing T cells**** %7
signaling from DR3 then regulates T-cell activation/differen-
tiation.”*® Additional studies have shown that TNFSF15 can
contribute to the production of interleukin (IL)22 by group 3
innate lymphoid cells, and, in turn, mucosal healing, thereby
providing protective roles.””*' We previously found that
TNFSF15 is not only produced by myeloid cells such as den-
dritic cells and macrophages, but also directly acts on these
cells through DR3 to then amplify signaling and cytokines in
the context of microbial stimulation of PRRs.'* Because mac-
rophages are essential for mediating microbial clearance, this
raises the possibility that TNFSF15 also may promote various
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antimicrobial pathways in macrophages. As such, therapeutic
blockade of TNFSF15 may increase the risk for infection.
Furthermore, although individuals with genetic variants lead-
ing to low TNFSF15 expression may be relatively protected
from IBD and other immune-mediated diseases, they may be at
increased risk for select infections. To our knowledge, only a
couple of reports to date have examined the role of
TNFSF15-DR3 interactions on the efficacy of bacterial clear-
ance.***3 DR3 deficiency led to less-effective clearance of Sal-
monella enterica serova Typhimurium in mice.**** Consistent
with the focus to date on TNFSF15 interactions with DR3 on T
cells, DR3 on T cells was required for reducing the burden of S
Typhimurium in mice in vivo.”> How TNFSF15 regulates
antimicrobial pathways in macrophages has not been defined
to date. We hypothesized that TNFSF15-DR3 would regulate
PRR-initiated antimicrobial pathways in myeloid cells and that
disease-associated TNFSF15 polymorphisms would modulate
TNFSF15-dependent antimicrobial outcomes.

In this study, we found that TNFSF15-DR3 interactions
on human macrophages promote bacterial clearance and,
moreover, amplify PRR-initiated bacterial clearance. We
define TNFSF15-DR3-initiated signaling pathways and
mechanisms regulating this enhanced bacterial clearance
and determine that the TNFSF15 IBD risk genotype modulates
these outcomes. Thus, TNFSF15-DR3 interactions amplify
PRR-initiated antimicrobial pathways, thereby highlighting
the potential for adverse infectious complications when
therapeutically targeting the TNFSF15-DR3 pathway.

Results

TNFSF15 Promotes Intracellular Bacterial
Clearance in Human Monocyte-Derived
Macrophages

To assess if TNFSF15 contributes to intracellular bacte-
rial clearance in human macrophages, we treated human
monocyte-derived macrophages (MDMs) with TNFSF15 for
a prolonged period of time to simulate conditions in the
intestinal environment of ongoing cytokine exposure. We

Abbreviations used in this paper: AIEC, adherent invasive Escherichia
coli; BMDM, bone marrow-derived macrophage; DR3, death receptor
3; ERK, extracellular signal-regulated kinase; FADD, Fas-associated
protein with death domain; IBD, inflammatory bowel disease; IL,
interleukin; JNK, Janus kinase; LC3II, light chain 3-11; MALT1, mucosa-
associated lymphoid tissue lymphoma translocation protein 1; MAPK,
mitogen-activated protein kinase; MDM, monocyte-derived macro-
phages; MDP, muramyl dipeptide; NADPH, nicotinamide adenine
dinucleotide phosphate; NEMO, NF-xB essential modulator; NF-«B,
nuclear factor-kB; NOD, nucleotide-binding oligomerization domain;
NOS2, nitric oxide synthase 2; PDK1, pyruvate dehydrogenase kinase
1; PI3K, phosphoinositide 3-kinase; PRR, pattern-recognition recep-
tor; RIP, receptor-interacting protein kinase; RNS, reactive nitrogen
species; ROS, reactive oxygen species; siRNA, small interfering RNA;
TACE, tumor necrosis factor converting enzyme; TLR, Toll-like re-
ceptor; TNF, tumor necrosis factor; TNFSF15, TNF superfamily mem-
ber 15; TRADD, tumor necrosis factor receptor 1-associated death
domain; TRAF2, TNF receptor associated factor 2.
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Figure 1. TNFSF15 treatment of human MDMs increases bacterial uptake and intracellular bacterial clearance. (A) MDMs
were left untreated or treated with 10 ng/mL TNFSF15 for 48 hours + pretreatment for 1 hour with neutralizing anti-DR3 antibodies
(or isotype control) (h = 12 donors from 2 independent experiments, repeated in an additional 16 donors in the absence of
neutralizing antibodies), and then co-cultured with E faecalis, AIEC, or S Typhimurium and assessed for intracellular bacterial
clearance as per the Materials and Methods section. Mean colony forming units (CFU). (B) Human MDMs were left untreated or
treated with 10 ng/mL TNFSF15 for 48 hours and then co-cultured with S Typhimurium-GFP or E coli—fluorescein isothiocyanate
(FITC) bioparticles and uptake was assessed 20 minutes later by flow cytometry. Left: Representative flow cytometry with mean
fluorescence intensity (MFI). Right: Summary graph of MFI (n = 8 donors from 2 independent experiments). (C) Human MDMs were
left untreated or treated with 10 ng/mL TNFSF15 for 20 minutes. PDK1 activation was assessed by flow cytometry. Left: Repre-
sentative flow cytometry. Right: Summary graph of fold PDK1 activation (n = 4 donors, similar results in an additional n = 4 over a
time course). (O-F) Human MDMs were left untreated or treated with 10 ng/mL TNFSF15 + GSK 233470 (PDK1 inhibitor; 1-hour
pretreatment). (D) Fold PDK1 activation at 20 minutes (n = 4). (E) After 48 hours, cells were co-cultured with S
Typhimurium-GFP or E coli-FITC bioparticles and uptake was assessed 20 minutes later (MFI) (h = 8 from 2 independent ex-
periments). (F) Cell death was assessed at 48 hours by annexin V staining (n = 4). UV stimulation at 50-100 J/m? was used as a

positive control. Means + SEM. Significance comParison is between inhibitor to the vehicle control for the corresponding TNFSF15

treatment condition for panels D-E. **P < .001;

then cultured the cells with the resident intestinal bacteria
Enterococcus faecalis. Intracellular levels of E faecalis were
lower after prolonged TNFSF15 treatment (Figure 14). To
ensure that TNFSF15 interacted with DR3 on human MDMs
to mediate this enhanced bacterial clearance, we used
neutralizing anti-DR3 antibodies; TNFSF15 was unable to
enhance bacterial clearance with DR3 blockade (Figure 1A4).
We saw similar outcomes upon infection with adherent
invasive Escherichia coli (AIEC), which are enriched in the
ilea of Crohn’s disease patients,** and § Typhimurium, an
invasive enteric pathogen (Figure 1A4). Taken together,
TNFSF15 interacts with DR3 on human MDMs to promote
increased intracellular bacterial clearance.

TNFSF15 Promotes Pyruvate Dehydrogenase
Kinase 1-Dependent Uptake of Microbes in

Human MDMs
We next sought to address mechanisms for the TNFSF15-
induced clearance of intracellular bacteria in macrophages.

P <1 x 10% TP < 1 x 107 NT, no treatment; Tx, treatment.

The initial step in bacterial clearance involves bacterial up-
take. We therefore first assessed if TNFSF15 regulates bac-
terial uptake and if the lower levels of intracellular bacteria
after prolonged TNFSF15 treatment were the result of lower
levels of bacterial uptake. In fact, after prolonged TNFSF15
treatment, S Typhimurium-green fluorescent protein (GFP)
uptake was increased in human MDMs (Figure 1B). We saw
similar outcomes with fluorophore-labeled E coli bioparticles
(Figure 1B).

We next assessed mechanisms through which TNFSF15
promotes bacterial uptake. The phosphoinositide 3-kinase
(PI3K) pathway contributes to phagocytosis,®” such that
we asked if TNFSF15 regulation of PI3K might be a mech-
anism through which it regulates bacterial uptake. We
assessed pyruvate dehydrogenase kinase 1 (PDK1) activa-
tion as a measure of PI3K pathway activation. TNFSF15
treatment of human MDMs led to PDK1 activation within 20
minutes (Figure 1C). Importantly, inhibiting PDK1 activation
using a PDK1 pharmacologic inhibitor (Figure 1D) led to
reduced live bacterial and bacterial particle uptake after
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Figure 2. TNFSF15 promotes ROS and RNS pathways in MDMs. (A, B, and G) MDMs were treated with 10 ng/mL TNFSF15
for 48 hours. (A) ROS induction (n = 6; similar results in an additional n = 4). (B) NADPH oxidase members (n = 6; similar results
additional n = 6). (G) NOS2 expression (n = 6; similar results in an additional n = 6). (C-E, H, and /) MDMs were transfected
with scrambled or the indicated siRNAs, and then treated with 10 ng/mL TNFSF15 for 48 hours. (C and H) Expression of the
indicated proteins by flow cytometry (n = 6). (D) ROS production (n = 6). (E and /) Intracellular bacterial clearance (n = 10 from 2
independent experiments). (F) MDMs were transfected W|th scrambled or the indicated siRNAs and cell death was assessed
by annexin V staining (n = 4). UV stimulation at 50-100 J/m? was used as a positive control for cell death. Means + SEM. (A-C,
G, and H) Representative flow cytometry with MFI values is shown D, E, and I) S|gn|f|cance |s between scrambled and the
target siRNA for TNFSF15-treated cells. **P < .01; **P < .001; TP < 1 x 10 TP < 1 x 107°. MFI, mean fluorescence in-
tensity; NT, no treatment; scr, scrambled; Tx, treatment.



2021

A isotype D
NT

— TNFSF15
1 40 — 40
" % 30 £ 30 T
§ = 20 = 20 T
s 3 10 S 10
o) -l
O 0 0 —=
Tx - TNFSF15 siRNA & ,\é’\@v\
B A
?.
30 100
1 ]2 = Tx - TNFSF15
2 i s
S /Ly 98 |= 5
Q 1/ R E E. faecalis
o A b 9
Y . < t
O . s 04 .H.
ATG5 g
S 100
1 = 60 3
o]
= ]
P < 40/ &5 %0
5 ® 0
8 6 204
= =
g < ol AIEC

ATG16L1 —— - TNFSF15

300 Ty

: S 2001
isotype x
— scr siRNA )

----- ATG5 siRNA I-(_I-) 100+

40
0.
s

—
x

(@

1 T
£ s ¥ SRNA & P &
5 o 20{W + QS
3 3 40
Q ) P
= ':( 10 %
S FA. 0 Tx - TNFSF15

ATG5 SiRNA o (&P

.
isotype
— scr siRNA » 100
----- ATG16L1 siRNA <
© 80 *kk

] = +
1 ] % %0 > 60
g © 10 S 20{ NS
= 4 (D o\c
o) = 0
© < 0 . . UV

ATG16L1 —— SiRNA & N SiRNA O o<:>®,

NS S
<0 R
w v

Figure 3. TNFSF15 promotes autophagy pathways in MDMs.
(A and B) MDMs were treated with 10 ng/mL TNFSF15 for 48
hours. (A) LC3II expression (n = 6; similar results in an additional
n = 4). (B) Autophagy molecule expression (n = 6; similar results
in an additional n = 8 for ATG16L1 and n = 4 for ATG5). (C-F)
MDMs were transfected with scrambled or the indicated siRNAs.
(C) Expression of the indicated proteins by flow cytometry (n = 6).
(D and E) Cells then were treated with 10 ng/mL TNFSF15 for 48
hours. (D) LC3Il expression (n = 6). (E) Intracellular bacterial
clearance (n = 10 from 2 independent experiments). (F) Cell death
was assessed by annexin V staining (n = 4). UV stimulation at
50-100 J/m? was used as a positive control. Means + SEM.
(A—C) Representative flow cytometry with mean fluorescence in-
tensity (MFI) values shown. Significance is between scrambled
and the target siRNA for TNFSF15-treated cells for panels D and
E.™P < .001; TP <1 x 107% TP < 1 x 10°. NT, no treatment;
scr, scrambled; Tx, treatment.
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prolonged TNFSF15 treatment (Figure 1E). Cell viability was
unimpaired with PDK1 inhibition (Figure 1F). Therefore, the
reduced intracellular bacteria at later time points after
prolonged TNFSF15 treatment was in fact observed in the
context of higher levels of PDK1-dependent bacterial uptake
under these TNFSF15-treated conditions.

TNFSF15 Induces Reactive Oxygen Species,
Reactive Nitrogen Species, and Autophagy
Pathways in Human MDMs

We next sought to assess the mechanisms through which
TNFSF15 enhances the clearance of bacteria that have entered
into human macrophages successfully. We first assessed
reactive oxygen species (ROS) given the important role ROS
production plays in mediating bacterial clearance." TNFSF15
treatment induced ROS production in MDMs (Figure 24).
Polymorphisms in various genes in the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase complex required
for ROS production are associated with increased risk for both
the common form of IBD® and early onset IBD.*® We found that
TNFSF15 induced the NADPH oxidase members p40phox,
p47phox, and p67phox (Figure 2B). Through effective knock-
down of these NADPH oxidase members (Figure 2C), we
ensured that these NADPH oxidase members contributed to
TNFSF15-induced ROS production (Figure 2D) and bacterial
clearance (Figure 2E). Cell viability was intact under these
knockdown conditions (Figure 2F).

Reactive nitrogen species (RNS) also can contribute to
bacterial clearance, and a combination of ROS and RNS
pathways is central in maintaining homeostasis in the in-
testinal mucosa.”” TNFSF15 treatment induced nitric oxide
synthase 2 (NOS2) expression (Figure 2G). Through effec-
tive knockdown of NOS2 (Figure 2H), we established that
NOS2 was required for TNFSF15-induced bacterial clear-
ance (Figure 2I). Cell viability was intact under these
knockdown conditions (Figure 2F).

Autophagy is another important bacterial clearance
mechanism®® and polymorphisms in the autophagy-
associated gene ATG16L1 alter susceptibility to Crohn’s dis-
ease.” TNFSF15 induced expression of the autophagy marker
light chain 3-II (LC3II) (Figure 3A4). Consistently, TNFSF15
promoted induction of the autophagy-associated proteins
ATGS5 and ATG16L1 (Figure 3B). Through effective ATG5 and
ATG16L1 knockdown (Figure 3C), we established that these
molecules were important for TNFSF15-induced autophagy
(Figure 3D). We further established the importance of ATG5
and ATG16L1 in TNFSF15-induced bacterial clearance
(Figure 3E). Cell viability was intact under these knockdown
conditions (Figure 3F). Taken together, TNFSF15 promotes
induction of ROS, RNS, and autophagy pathways, which, in
turn, mediate TNFSF15-induced bacterial clearance.

ROS, RNS, and Autophagy Pathways Cooperate
in Mediating TNFSF15-Induced Intracellular
Bacterial Clearance

Because the ROS, RNS, and autophagy pathways each
only partially contributed to the TNFSF15-induced bacterial
clearance observed in human MDMs (Figures 2 and 3), we



254 Sun et al

assessed if these pathways cooperate to mediate TNFSF15-
enhanced bacterial clearance. We used small interfering
RNA (siRNA) to reduce expression of p47phox (as the
NADPH oxidase subunit that most accounted for TNFSF15-
induced ROS production) (Figure 2D), NOS2, and ATG5 (as
the autophagy molecule that most contributed to TNFSF15-
mediated autophagy) (Figure 3D). Combined reduction of
these antimicrobial pathways led to the greatest impairment
in TNFSF15-induced bacterial clearance (Figure 44) (with
intact cell viability in Figure 4B), thereby showing that these
pathways cooperate to optimally mediate bacterial clearance
upon TNFSF15 treatment.

TNF Receptor Associated Factor 2/Receptor-
Interacting Protein Kinase 1/RIP3 Signaling Is
Required for TNFSF15-Initiated Antimicrobial

Pathways

We next sought to define the TNFSF15-initiated signaling
pathways regulating the antimicrobial mechanisms we had
defined. DR3 activation can induce distinct signaling path-
ways, including Fas-associated protein with death domain
(FADD)/mucosa-associated lymphoid tissue lymphoma
translocation protein 1 (MALT1)/caspase-8 and TNF recep-
tor associated factor 2 (TRAF2)/receptor-interacting protein
kinase 1 (RIP1)/RIP3 pathways (Figure 54). Tumor necrosis
factor receptor 1-associated death domain (TRADD) is
recruited to DR3 upon TNFSF15 treatment of T cells and
likely is upstream of this pathway bifurcation®® (Figure 54).
Upon TNFSF15 interactions with DR3, caspase-8 is activated
through the FADD pathway in epithelial cell lines and fibro-
blasts,”” which can induce apoptosis.*’ Although IL13
secretion classically is associated with caspase-1 activation,
some studies have shown that caspase-8 can process IL13
downstream of select receptors.”” Moreover, dectin-
1-initiated caspase-8 activation and IL18 processing in hu-
man DC requires MALT1.”> We previously found that
TNFSF15 initiates FADD and MALT1 signaling to cleave
caspase-8 and, in turn, rapid IL18 processing and early IL18
secretion (within 15 minutes)."* We therefore effectively
reduced the expression of each FADD, MALT1, and caspase-8
(Figure 5B). FADD, MALT1, and caspase-8 were not required
for TNFSF15-induced PDK1 activation at 20 minutes
(Figure 5C). Similar results were observed upon combined
knockdown of these molecules (Figure 5C). We will use
combined knockdown of the molecules in this pathway in the
studies that follow. Consistent with the failure of the FADD/
MALT1/caspase-8 pathway to regulate TNFSF15-induced
PDK1 activation, this pathway was not required for
TNFSF15-induced bacterial uptake (Figure 5D). We ensured
effective functional outcomes with knockdown of the FADD/
MALT1/caspase-8 pathway as assessed by reduced
TNFSF15-induced early caspase-8 and IL18 processing
(Figure 5E). Moreover, we confirmed our prior findings'*
that consistent with the role of autocrine/paracrine IL13
secretion, the TNFSF15-initiated FADD/MALT1/caspase-8
pathway was required for cytokine secretion (Figure 5F).

TNFSF15-DR3 signaling can proceed through another
arm using TRAF?2 to activate T cells*® (Figure 54). Signaling
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and outcomes via RIP1 and RIP3 downstream of TNF-
superfamily receptors has been controversial and likely
dependent on the stimulus and cell type.**** As such, it is
important to define the role that the TRAF2/RIP1/RIP3
signaling branch plays in TNFSF15-initiated outcomes, in
particular antimicrobial clearance, in human macrophages.
We previously found that RIP1 and RIP3 were required for
TNFSF15-induced cytokine secretion in human MDMs, but
not TNFSF15-induced rapid caspase-8 activation and early
IL18 secretion’®; we did not examine mechanisms through
which RIP1/RIP3 may be regulating TNFSF15-dependent
downstream outcomes in macrophages. In contrast to the
FADD/MALT1/caspase-8 pathway, upon effective TRAF2,
RIP1, and RIP3 knockdown (Figure 5B), each of these mol-
ecules was required for optimal levels of TNFSF15-induced
PDK1 activation (Figure 5C). Combined knockdown of these
molecules led to similar results (Figure 5C). Consistently,
the TRAF2/RIP1/RIP3 pathways was required for
TNFSF15-induced bacterial uptake (Figure 5D). In addition,
in contrast to the FADD/MALT1/caspase 8 pathway,
TRAF2/RIP1/RIP3 was not required for TNFSF15-induced
caspase-8 and IL18 processing (Figure 5E). Of note is that
effective TRADD knockdown (Figure 5B) led to reduced
TNFSF15-induced caspase-8 and IL1§  processing
(Figure 5E), reduced TNFSF15-induced PDK1 activation and
bacterial uptake (Figure 5C and D), and reduced cytokine
secretion (Figure 5F), thereby supporting a model wherein
TRADD is upstream of the 2 distinct TNFSF15-initiated
signaling branches (Figure 54).

We next assessed how these 2 distinct signaling path-
ways regulated TNFSF15-dependent intracellular bacterial
clearance and the pathways contributing to this clearance.
Although the FADD/MALT1/caspase-8 pathway contributed
somewhat to TNFSF15-induced ROS, NOS2, and autophagy
pathways (Figure 5G), and intracellular bacterial clearance
(Figure 5H), the TRAF2/RIP1/RIP3 pathway contributed to
a greater degree to these outcomes (Figure 5G and H). As
expected, upstream TRADD similarly was required for
optimal TNFSF15-induced ROS, NOS2, and autophagy
pathways (Figure 5G), and intracellular bacterial clearance
(Figure 5H). We ensured that cell viability was intact
with knockdown of each of these molecules alone and in
combination (Figure 5I and J). Taken together, TNFSF15-
initiated TRAF2/RIP1/RIP3 signaling is required for bacte-
rial uptake and intracellular bacterial clearance, while
TNFSF15-initiated FADD/MALT1/caspase-8 contributes
only to a mild degree to intracellular bacterial clearance,
despite its important role in TNFSF15-induced cytokine
secretion. These studies highlight distinct roles for
TNFSF15-initiated FADD/MALT1/caspase-8 in microbial
clearance and cytokine secretion.

The TRAF2/RIP1/RIP3 Pathway Is Required for
Optimal TNFSF15-Induced Mitogen Activated

Protein Kinase and Nuclear Factor-«kB Signaling
As TNFSF15-initiated FADD/MALT1/caspase-8 activa-

tion leads to rapid post-translational processing of IL13, we

hypothesized that TNFSF15-induced TRAF2/RIP1/RIP3
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<1 x 107°. scr, scrambled; Tx, treatment.

leads to a distinct mechanism of signaling which then pro-
motes antimicrobial pathways. In particular, TNFSF15-DR3
signaling can proceed through TRAF2 to activate nuclear
factor-kB (NF-kB) signaling in T cells.** TNFSF15-DR3
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signaling also can activate the mitogen activated protein
kinase (MAPK) pathway in endothelial cells.** We therefore
hypothesized that the TRAF2/RIP1/RIP3 pathway might
lead to TNFSF15-initiated MAPK and NF-«kB signaling in
human MDMs, and, in turn, transcriptional regulation of
downstream outcomes. We first confirmed that TNFSF15
induced activation of extracellular signal-regulated kinase
(ERK), p38, Janus kinase (JNK), and NF-«B signaling path-
ways (Figure 64). Moreover, through knockdown of MAPK
and NF-«B pathways (Figure 6B), we established that MAPK
and NF-«xB signaling was required for TNFSF15-induced
ROS, RNS, and autophagy pathways (Figure 6C), and intra-
cellular bacterial clearance (Figure 6D). Furthermore, these
pathways cooperated to regulate these outcomes (Figure 6C
and D). Cell viability was intact under these conditions
(Figure 6E). Consistent with the role of MAPK and NF-«B
signaling in transcriptional regulation, the antimicrobial
pathways we had identified to be up-regulated after pro-
longed TNFSF15 treatment were regulated by the MAPK
and NF-«kB pathways at a transcriptional level (Figure 7A4).
In contrast to the up-regulated antimicrobial pathways after
prolonged TNFSF15 treatment, cytokine transcripts were
down-regulated at this later time point (Figure 7B). We next
assessed if 1 or both signaling arms initiated upon
TNFSF15-DR3 activation was required for TNFSF15-
induced MAPK and NF-«B signaling. The TNFSF15-induced
early activation (15 min) of both MAPK and NF-«B
signaling was reduced with knockdown of TRAF2/RIP1/
RIP3, whereas these pathways remained mostly intact with
FADD/MALT1/caspase-8 knockdown (Figure 7C). As ex-
pected given its upstream positioning, TRADD knockdown
also led to reduced TNFSF15-initiated MAPK and NF-«xB
signaling (Figure 7C).

Given the MAPK and NF-«B regulation of TNFSF15-
induced intracellular bacterial clearance mechanisms, and
the partial contribution of FADD/MALT1/caspase-8 to
TNFSF15-induced intracellular bacterial clearance mecha-
nisms, we considered that FADD/MALT1/caspase-8 might
activate MAPK and NF-«B pathways, but that this activa-
tion might be occurring with different kinetics relative to
the TNFSF15-initiated TRAF2/RIP1/RIP3 pathway. In
particular, because the FADD/MALT1/caspase-8 pathway
initiates post-translational processing of IL13, which then
feeds back to amplify TNFSF15-induced outcomes per our
prior study,"* we hypothesized that this pathway would
lead to MAPK and NF-«B signaling at a later time consistent
with the delay associated with autocrine/paracrine cyto-
kine loops. We therefore examined MAPK and NF-«xB
signaling over a 2-hour time period. Although reducing the
FADD/MALT1/caspase-8 pathway did not, for the most
part, impair TNFSF15-induced early MAPK and NF-«xB
signaling (15 min), MAPK and NF-xB signaling was
partially reduced by 30 minutes and this continued over
the 2-hour time period examined (Figure 7D). Taken
together, the TNFSF15-initiated TRAF2/RIP1/RIP3
pathway leads to early activation of MAPK and NF-«B
pathways, which, in turn, are required for induction of
TNFSF15-induced antimicrobial pathways and intracel-
lular bacterial clearance in macrophages. In contrast, the



256 Sun et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 1
— scrsiRNA
A E[—= TRADD GrNA | NT
TNFSF15 Isotype cleaved-caspase 8
— scr siRNA | TNFSF15 Tt
--- TRADD siRNA it NS
e} [
o4 44 4
TRADD ) 1 . 23 3 3
@ )
c 4
¢ 21 g2 2 2
£ o
= S 1] 1
=]
o 3 0 0 0
. cleaved-IL13 NS
it +F AL
1 w5 54 5
o4 41 4
[2] e
£ 23 34 3
=3 [$]
B 3 a2 21 2
TRADD FADD MALT1 CASP8 TRAF2 RIP1 RIP3 = 2 4 1] 1
< 1.0 - 10}gr--- 1.0har--- O L ]
Z cv-IL1p—— = = ==
DE: siRNA  scr TRADD scr F/IMIC scr T/R1/R3
505 -HOS 0.5{M 1t 0.5 TNFSF15 - + - + -+ -+ R
o
£ 0 F 800 - . TNF
S O c} NS S T3S IR RS SR A S0 ) ~ =g
S'RNA°*‘ AR AN 9@3 9‘3 ng QQBQ T z B (L6
W oia < € 600
> 1 IL8(x10)
C . . X2 | 10
(2]
< 6 8 400+ N o :
[a) Jé *rk —_ Kk
Qé_- 4 4 4 T 5 200 4 T ***T— *kk
< T T T
5 2 2 2 ﬂ ﬂ o
o 1
[ ~ - D>
0 0 0 ﬂ ﬂ SIRNA o P W Q_\\?‘
. < O \ O <b \ '5 > «@ < <\
siRNA & O é’ @ Ee ,\\Q~
& <, @ & /\ Tx - TNFSF15
o G H E. faecalis
Tx - TNFSF15 - TNFSF15 TNFSF15 50 1604, 1T +f
D BACTERIAL UPTAKE g ! g1 15
= =
z NS it 2N NI 2 0
LEL | — '_\ x (&)
a 30 30 30 0 o101
& AIEC
z 20 20 20 20 g
= = - —~ 200 = -H‘ 3
s 10 10 10 o Tt S 150
2 =) =4
o oollmilll  oEmIlL olEmlll] & 20 il = 100
siRNA scr TRAD scr F/IM/IC scr T/R1/R3 % '-('3 50
TNFSF15-+-+ S -4 S+ -+ 0 o H
I S. Typhimurium
[%} J [%)
=100 3 100
8 3 45 300 LAl
+ 80 *kk + 80 Kk ~ —H- = T T]
> > L o
~ 60 Z 60 = 30 2 200
g 40 NS g 40 NS 8 15 2 100
S 20 S 20 par o
® 0 R 0 0
_ wv . uv T s O iRNA & @
SIRNA & O < @ (VNS> SiRNA & 9 O ¢ SiRNA .0 \ SIRNA o SN
£ QL CLOME QY L
ERFELI T PARORS p il
D _— _—
C Tx - TNFSF15 Tx - TNFSF15

Figure 5. The TRAF2/RIP1/RIP3 pathway is required for TNFSF15-induced bacterial uptake and intracellular bacterial
clearance pathways. (A) Model of proposed TNFSF15-DR3-initiated signaling in MDMs. (B-J) MDMs were transfected with sSiRNA
to TRADD or to FADD, MALT1, caspase-8 alone or in combination (F/M/C), or to TRAF2, RIP1, or RIP3 alone or in combination (T/R1/
R3). (B) Fold mRNA expression (n = 6). (C-H) Cells then were treated with 10 ng/mL TNFSF15. (C) Fold PDK1 activation at 20 minutes
(n =6 donors, similar results in n = 4 for single-siRNA-transfected groups). (D) Forty-eight hours later bacterial uptake was assessed
(n =8 from 2 independent experiments). (E) Fold cleaved (clv) caspase-8 or cleaved (clv) IL13 at 20 minutes. Left: Representative flow
cytometry with MFI values. Right: Summary of fold cleaved caspase-8 or cleaved IL13 (n = 8 from 2 independent experiments). (F)
Cytokine secretion at 24 hours (n = 6). (G) ROS, NOS2, or LC3Il expression at 48 hours (n = 12 from 3 independent experiments). (H)
After 48 hours cells were assessed for intracellular bacterial clearance (colony-forming units [CFU]) (n = 8 from 2 independent ex-
periments). ( and J) Cell death was assessed by annexin V staining (n = 4). UV stimulation at 50-100 J/m? was used as a positive
control. Means + SEM. (C-H) Slgnlflcance is between scrambled and the target siRNA for the corresponding TNFSF15-treated
conditions or as indicated. **P < .001; TP < 1 x 10 TP < 1 x 10°°. MFI, mean fluorescence intensity; NT, no treatment; scr,
scrambled; Tx, treatment.



2021 TNFSF15 Promotes Antimicrobial Pathways 257
isotype
A B — scr siRNA C ROS D E. faecalis
= ERK siRNA 75 — —
isotype = | 150 - —
NT 52} LEL 50 = %0 g B Kk
4 4 T 5 ; T LEL Hkk =< 100+
é 8 % 25 5 25 iy *kk S
B E 3 = S 2 501
i) o 2 ] 0 \(\
S < iRNA ¢ 0 0+
é T 1 isotype s Fe
= s — scr siRNA NOS2 AIEC
8 o= .. p38 siRNA 80 1 — 300 —
-f- . . | 1 T *kKk *kk
l % ° c?® ) 200 =
B 31 = < 40| M 2] WM. 3
=3 8 o N *kk 5
2 2 24 o 3 201 3 10, Z 100
3 2 3 N z o
e A | p38 — N 0 0=
= SiRNA <! Q'b . .
O 0- isotype LC3ll S. Typhimurium
ek — scr siRNA ) Jm—
¢ 31 = | JNK SiRNA 45 L —— 2007 ., et
I 5, b7 L 30 T 401 & 1501
£ 5 2 lEn 41 = T s i ¥ 100
S 14 S 1/ 2 15 = 20 * S5 ]
Q Ve O 14 8 Z 1) LI_
S 2 ° - 9 S 504
© ] 3 04
o 0 8 " 0 04
-INK . INK siRNA <€ \A‘(\ .
P g, 1T . > SRNA o8 g0 ° SRNA o g0 «°
s isotype & R ° X X <
1 67 ) — scrsiRNA N 50 1
£ 21 L NEMO SIRNAJ £ 401 Tx - TNFSF15 Tx - TNFSF15
3 /61 < 3 t = -
3 T 34 1
3 2 i £ T E -
O - 0- 8 1 8
plkBo—— Ty . TNFSF15 = . +
[0} >
o £
X
[0}
§
*
.uv
i 12080
siRNA (& Q\};@@Oo@
N

Figure 6. MAPK and NF-«B signaling is required for TNFSF15-induced microbial clearance. (A) MDMs were treated with
10 ng/mL TNFSF15 and assessed for activation of the indicated phospho-proteins at 15 minutes. Left: Representative flow
cytometry with mean fluorescence intensity (MFI) values shown. Right: Summary graph of fold phospho-protein activation (n =
6). (B-E) MDMs were transfected with scrambled, ERK/p38/JNK (MAPK), or NF-xB essential modulator (NEMO) (NF-«xB
pathway), alone or in combination (comb). (B) Expression of the indicated proteins by flow cytometry (n = 6, similar results in
an additional n = 4 for MAPKSs). (C and D) Cells then were treated with 10 ng/mL TNFSF15 for 48 hours. (C) ROS, NOS2, or
LC3Il expression (n = 4, similar results in additional n = 8). (D) Intracellular bacterial clearance (colony-forming units [CFU]) (n =
4, similar results in an additional n = 8). (E) Cell death was assessed by annexin V staining (n = 4, similar results in an additional
n = 4). UV stimulation at 50-100 J/m? was used as a positive control. Means + SEM. **P < .01; **P < .001; TP < 1 x 1074 TP

< 1 x 10°°. NT, no treatment; scr, scrambled; Tx, treatment.

TNFSF15-initiated FADD/MALT1/caspase-8 pathway con-
tributes only to later MAPK and NF-«kB pathway activation
and minimally contributes to intracellular bacterial
clearance.

Autocrine/Paracrine Soluble TNFSF15 Promotes
Nucleotide-Binding Oligomerization Domain
2-Induced Intracellular Bacterial Clearance
Because PRRs are activated by microbial products to
initiate antimicrobial responses, and we previously found
that autocrine/paracrine TNFSF15 dramatically amplifies
PRR-induced cytokines, we asked if autocrine/paracrine

TNFSF15 is required for optimal PRR-induced antimicro-
bial pathways. We*® and others*”*® have found that
chronic PRR stimulation enhances microbial clearance
pathways and this prolonged stimulation simulates envi-
ronments of ongoing microbial exposure such as the in-
testine. We examined the PRR nucleotide-binding
oligomerization domain 2 (NODZ2) given its association
with Crohn’s disease?; muramyl dipeptide (MDP) is the
minimal ligand that stimulates NOD2. As expected, intra-
cellular clearance of E faecalis was more effective after
prolonged NOD2 stimulation (48 h), and both baseline and
NOD2-enhanced bacterial clearance were impaired with
neutralization of DR3 (Figure 84). We observed similar
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results upon infection with AIEC and S Typhimurium
(Figure 8A). We confirmed these results through an inde-
pendent approach with knockdown of DR3 (Figure 8B and
(). We further confirmed these results with knockdown of
TNFSF15 (Figure 8D and E). Cell viability was intact with
knockdown of these molecules (Figure 8F). Finally, we

assessed the role of soluble vs membrane-bound TNFSF15
in mediating NOD2-enhanced microbial clearance. We
previously found that NOD2 stimulation activates tumor
necrosis factor converting enzyme (TACE), which then
cleaves transmembrane TNFSF15 to release soluble
TNFSF15."* We confirmed that with inhibition of TACE
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using TAPI-1, NOD2-induced soluble TNFSF15 was Autocrine/Paracrine TNFSF15 Promotes NOD2-

reduced (Figure 8G), and, consistently, surface TNFSF15
was increased (Figure 8H). TACE inhibition led to less-
effective intracellular bacterial clearance in baseline and
particularly chronic NOD2-stimulated MDMs (Figure 8I).
Because cell surface TNFSF15 is actually increased under
these conditions, these data establish an important role for
soluble TNFSF15 in mediating NOD2-induced bacterial
clearance. Importantly, complementing soluble TNFSF15 in
TAPI-1-treated, NOD2-stimulated MDMs restored intracel-
lular bacterial clearance (Figure 8I). Cell viability was
intact with TAPI-1 (Figure 8]). For the studies that follow
in human MDMs, we will focus on blocking autocrine/
paracrine TNFSF15 using neutralizing anti-DR3 antibodies
or prevent the release of soluble TNFSF15 through TAPI-
1-mediated inhibition of TACE. Taken together, these data
show that autocrine/paracrine soluble TNFSF15 is
required for optimal levels of NOD2-induced bacterial
clearance in human MDMs.

Induced Antimicrobial Pathways

We next assessed the contribution of autocrine/paracrine
TNFSF15 to NOD2-enhanced antimicrobial pathways, with a
focus on the pathways we had found to be induced upon direct
TNFSF15 treatment (Figures 1-7). We therefore first examined
PDK1-dependent bacterial uptake. Upon blocking autocrine/
paracrine TNFSF15 with neutralizing DR3 antibodies, NOD2-
induced PDK1 activation (Figure 94) and bacterial uptake
(Figure 9B) were reduced. Restoration of PDK1 activation with
PS48 under these conditions (Figure 9C) rescued NOD2-induced
bacterial uptake (Figure 9D). Moreover, TAPI-1-treated, NOD2-
stimulated MDMs showed a similar reduction in PDK1 activa-
tion and bacterial uptake, which was restored upon comple-
mentation of soluble TNFSF15 (Figure 9E and F).

We next assessed if the TNFSF15-induced pathways
mediating intracellular bacterial clearance were regulated
by autocrine/paracrine TNFSF15 upon NOD2 stimulation.
Preventing NOD2-induced autocrine/paracrine TNFSF15 by
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with 100 ug/mL MDP for 48 hours + neutralizing «DR3 antibodies (or isotype control). (A) ROS induction (n = 6; similar results
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mL MDP for 48 hours + neutralizing «DR3 antibodies (1 hour pretreatment). (F) p47phox expression and ROS production. (G)
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unit; MFI, mean fluorescence intensity; Tx, treatment.

blocking DR3 reduced induction of ROS (Figure 10A4),
NADPH oxidase complex members (Figure 10B), NOS2
(Figure 10C), autophagy (Figure 10D), and autophagy-
associated molecules (Figure 10E). To clearly establish
that each of these TNFSF15-dependent pathways contrib-
uted to NOD2-induced intracellular bacterial clearance, we
restored each of these pathways in DR3-blocked, NOD2-
stimulated cells to the levels observed in the absence of
DR3 blockade. In particular, we transfected cells with a
vector expressing p47phox to restore ROS production
(Figure 10F), a vector expressing NOS2 (Figure 10G), and a
vector expressing ATG5 to restore autophagy (Figure 10H).
Restoration of each of these pathways partially restored
NOD2-enhanced bacterial clearance (Figure 10[), and
restoration of these pathways in combination restored
bacterial clearance even further (Figure 10I). Therefore,
autocrine/paracrine TNFSF15 is required for NOD2-

enhanced antimicrobial pathways and bacterial clearance
in human MDMs.

Autocrine/Paracrine TNFSF15-Initiated MAPK
and NF-kB Pathways Are Required for NOD2-
Induced Antimicrobial Pathways

We had established that TNFSF15 activated MAPK and
NF-kB pathways, and that these signaling pathways were
required for TNFSF15-dependent intracellular bacterial
clearance mechanisms (Figures 6, 7). We confirmed that
autocrine/paracrine  TNFSF15 was required for NOD2-
induced MAPK (Figure 114) and NF-«kB (Figure 11B)
pathway activation. Importantly, restoring ERK, p38, and
JNK activation through transfection of vectors expressing
constitutively active constructs for each of these molecules
in DR3-blocked, NOD2-stimulated MDMs (Figure 11C),
partially restored ROS, NOS2, and LC3II induction
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Figure 11. Autocrine/paracrine TNFSF15-initiated MAPK and NF-«B activation promotes NOD2-induced antimicrobial
pathways. (A and B) MDMs were treated with 100 ug/mL MDP + neutralizing «DR3 antibodies (1 hour pretreatment) (or
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1 x 1074 TP < 1 x 10, Tx, treatment.

(Figure 11D), and intracellular bacterial clearance
(Figure 11E). Furthermore, restoring NF-kB activation
through transfection of a construct leading to constitutive
activation of the NF-kB pathway in DR3-blocked, NOD2-
stimulated MDMs (Figure 11F) also partially restored each
of the antimicrobial pathways (Figure 11D) and intracellular
bacterial clearance (Figure 11E). Restoring MAPK and NF-«xB
signaling pathways in combination in DR3-blocked, NOD2-
stimulated MDMs led to somewhat more effective rescue
of intracellular bacterial clearance (Figure 11E). Taken
together, autocrine/paracrine TNFSF15 promotes NOD2-
induced MAPK and NF-«B activation in NOD2-stimulated
MDMs, which is turn is required for subsequent induction
of the ROS, RNS, and autophagy pathways that mediate
NOD2-enhanced intracellular bacterial clearance.

TNFSF15 Can Enhance Intracellular Bacterial
Clearance After Prior PRR Stimulation, and
Autocrine/Paracrine TNFSF15 Contributes to the
Enhanced Bacterial Clearance Observed With
Multiple PRRs

Intestinal myeloid cells are exposed to microbial
products on an ongoing basis, such that we asked if
exposure to TNFSF15 after PRR stimulation, as might
occur during an acute response to invasive pathogens,
could further enhance intracellular bacterial clearance. We
therefore first treated MDMs with MDP and then 24
hours later treated these cells with TNFSF15 (see timeline
in Figure 12A4). In MDP-pretreated MDMs, subsequent
treatment with TNFSF15 was able to enhance intracellular
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bacterial clearance compared with that observed with
either MDP or TNFSF15 treatment alone (Figure 12B).
Because intestinal myeloid cells are exposed to multiple
PRR ligands, we next assessed if autocrine/paracrine
TNFSF15 was required for enhancing bacterial clearance
after stimulation of various PRRs. Autocrine/paracrine
TNFSF15 promoted the enhanced clearance of E faecalis,
AIEC, and S Typhimurium after chronic stimulation of Toll-
like receptor (TLR)2, TLR4, and TLR9 (Figure 12C).
Therefore, autocrine/paracrine TNFSF15 promotes the
enhanced bacterial clearance observed upon chronic
stimulation of a range of PRRs and subsequent TNFSF15
exposure further enhances the efficacy of intracellular

bacterial clearance of MDMs previously stimulated through
PRRs.

Autocrine/Paracrine TNFSF15 Promotes
Intracellular Bacterial Clearance in Intestinal
Myeloid Cells

To assess if autocrine/paracrine TNFSF15 promotes
intracellular bacterial clearance in intestinal myeloid cells,
we used mouse systems. We first confirmed that TNFSF15
treatment of mouse bone marrow-derived macrophages
(BMDMs) induced secretion of cytokines (Figure 13A4),
and that this was blocked effectively by a neutralizing
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antibodies (30 minutes pretreatment) (or isotype control). (A) Cytokine secretion after 24 hours (8 replicates, representative of 2
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TNFSF15 antibody (Figure 13A4). We further confirmed
that autocrine/paracrine TNFSF15 promoted the secre-
tion of additional cytokines upon TLR4 stimulation of
BMDMs (Figure 13A4); we examined TLR4 in mouse cells
because of the very low level of cytokines observed in
mouse cells with NOD2 stimulation. Similar to our ob-
servations in human MDMs (Figure 1A4), prolonged
TNFSF15 treatment enhanced intracellular bacterial
clearance in mouse BMDMs, and this was blocked effec-
tively by anti-TNFSF15 (Figure 13B). Autocrine/paracrine
TNFSF15 also promoted the enhanced intracellular bac-
terial clearance observed after prolonged TLR4

stimulation (Figure 13B). We next isolated lamina propria
CD11b+ myeloid cells from wild-type mice and
confirmed purity (Figure 13C). Upon co-culture of in-
testinal myeloid cells with § Typhimurium, autocrine/
paracrine TNFSF15 was required for optimal secretion
of cytokines (Figure 13D), similar to our prior observa-
tions in human intestinal myeloid cells.'* Finally,
although uptake of S Typhimurium at 20 minutes was
not altered, clearance of intracellular bacteria at later
times was less effective in intestinal myeloid cells
treated with neutralizing anti-TNFSF15 antibodies
(Figure 13E). Therefore, autocrine/paracrine TNFSF15
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Figure 14. MDMs from high TNFSF15-expressing rs6478108 TT IBD risk carriers show increased NOD2-initiated
antimicrobial pathways. MDMs from rs6478108 TT, TC, or CC carriers were left untreated or treated with 100 ug/mL
MDP. (A) TNFSF15 surface expression by flow cytometry at 24 hours (n = 10 donors/genotype). (B) TNFSF15 secretion at 24
hours (n = 10/genotype). (C) Fold PDK1 activation at 20 minutes (n = 10/genotype). (D) Bacterial uptake at 20 minutes (n = 10/
genotype). (E) p47phox expression and ROS production at 48 hours (n = 10/genotype). (F) NOS2 expression at 48 hours (n =
10/genotype). (G) ATG5 and LC3Il expression at 48 hours (n = 10/genotype). (H) After 48 hours intracellular bacterial clearance
was assessed (colony-forming units [CFU]) (n = 10/genotype). Means + SEM. *P < .05; *P < .01; **P < .001; TP < 1 x 107
P < 1 x 10°°. MFI, mean fluorescence intensity; Tx, treatment.

promotes cytokines and clearance of intracellular bac-
teria in mouse BMDMs and intestinal myeloid cells.

MDMs From High TNFSF15-Expressing
rs6478108 TT IBD Risk Carriers Show Increased
NOD2- and DR3-Initiated Antimicrobial Pathways

Given the ability of TNFSF15 to promote antimicrobial
pathways in human MDMs, and the requirement for
autocrine/paracrine TNFSF15 in NOD2-enhanced antimi-
crobial pathways, we next assessed if the various
TNFSF15-dependent mechanisms we had identified were

regulated by TNFSF15 IBD risk variants. Rs6478108 is
located in an intronic region of TNFSF15, and we previ-
ously found that myeloid cells from rs6478108 TT risk
carriers expressed higher levels of surface and soluble
TNFSF15 compared with CC carriers.”* We confirmed
these results here, and these TNFSF15 genotype differ-
ences are particularly pronounced with MDP treatment
(Figure 14A and B). Upon NOD2 stimulation, we observed
increased PDK1 activation (Figure 14C) and bacterial
uptake (Figure 14D), increased induction of p47phox and
ROS (Figure 14E), NOS2 (Figure 14F), and ATG5 and
autophagy (Figure 14G), and increased intracellular bac-
terial clearance (Figure 14H). We observed a similar
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Figure 15. MDMs from high TNFSF15-expressing rs6478108 TT IBD risk carriers show increased DR3-initiated anti-
microbial pathways. MDMs from rs6478108 TT, TC, or CC carriers were left untreated or treated with 10 ng/mL TNFSF15. (A)
Fold PDK1 activation at 20 minutes (n = 10 donors/genotype). (B) Bacterial uptake at 20 minutes (n = 10/genotype). (C) p47
expression and ROS production at 48 hours (n = 10/genotype). (D) NOS2 expression at 48 hours (n = 10/genotype). (E) ATG5
and LC3Il expression at 48 hours (n = 10/genotype). (F) After 48 hours intracellular bacterial clearance was assessed (colony-
forming units [CFU]) (n = 10/genotype). Means + SEM. *P < .05; *P < .01; **P < .001; TP < 1 x 1074 TP < 1 x 105, Tx,

treatment.

pattern in these antimicrobial mechanisms and outcomes
upon TNFSF15 treatment of rs6478108 TT risk carriers
compared with CC carriers (Figure 15A-F). Therefore,
MDMs from IBD risk rs6478108 TT carriers show an
increase in antimicrobial mechanisms and intracellular
bacterial clearance relative to CC carriers.

Discussion

Cytokines can both promote inflammatory diseases and
drive pathways to clear microbial challenges. In this study,
through independent knockdown and antibody blockade
approaches, we show that the disease-associated inflam-
matory cytokine TNFSF15 promotes antimicrobial pathways
in human MDMs. Moreover, TNFSF15-DR3 interactions are
required for the enhanced microbial clearance observed
with prolonged PRR stimulation, thereby simulating condi-
tions within intestinal tissues. Furthermore, in myeloid cells
already conditioned through PRRs, TNFSF15 can further
enhance their ability to clear bacteria. TACE cleaves trans-
membrane TNFSF15 to soluble TNFSF15; the soluble form
of TNFSF15 is required for promoting antimicrobial path-
ways in macrophages. TNFSF15-DR3 interactions require
TRAF2/RIP1/RIP3 to initiate PDK1-dependent bacterial
uptake and MAPK- and NF-kB-dependent induction of ROS

(p40phox, p47phox, p67phox), RNS, and autophagy path-
ways (ATG5, ATG16L1), which, in turn, regulate intracel-
lular bacterial clearance in MDMs. In contrast, the TNFSF15-
initiated FADD/MALT1/caspase-8 pathway is not required
for bacterial uptake, and only partially contributes to
intracellular microbial clearance mechanisms, despite the
key role for this pathway in cytokine secretion. Human
myeloid-derived cells carrying the TNFSF15 rs6478108 TT
risk variant express increased TNFSF15 and show increased
TNFSF15- and PRR-induced bacterial uptake and intracel-
lular bacterial clearance, along with the TNFSF15-
dependent pathways leading to these outcomes, compared
with CC carrier MDMs. These studies highlight that although
high-expressing TNFSF15 rs6478108 T carriers are at
increased risk for IBD, they may be able to clear bacteria
more effectively, and, conversely, that although low-
expressing TNFSF15 carriers are relatively protected
from IBD, they may be at increased risk for infection
(Figure 16).

Despite the important role for TNFSF15-DR3 in-
teractions in regulating inflammatory outcomes, roles for
this pathway in microbial clearance have not been well
defined. A study showed that DR3”/" mice were unimpaired
in their ability to mediate expulsion of intestinal hel-
minths.*> However, DR3”" mice were less effective at
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Figure 16. Model of TNFSF15 regulation of antimicrobial pathways. Upon PRR stimulation of macrophages, TACE is
activated and leads to the release of soluble TNFSF15. Soluble TNFSF15 then feeds back to interact with DR3 on macro-
phages to initiate TRAF2/RIP1/RIP3 and FADD/MALT1/caspase-8 signaling pathways. TRAF2/RIP1/RIP3 pathway activation
leads to PDK1-dependent bacterial uptake and MAPK- and NF-kB-dependent up-regulation of ROS (p40phox, p47phox,
p67phox), RNS, and autophagy (ATG5, ATG16L1) pathways, which promote intracellular bacterial clearance. MDMs from high
TNFSF15-expressing rs6478108 TT IBD risk carriers in the TNFSF15 region show increased efficacy in inducing these anti-
microbial pathways, and, conversely, MDMs from low TNFSF15-expressing rs6478108 CC IBD risk carriers clear bacteria less

effectively.

regulating viral®’ and bacterial®*** infection, with the
focus of DR3 being on its role on T cells in reducing bac-
terial burden.’? We now show a previously undefined role
for TNFSF15 in promoting antimicrobial pathways in hu-
man macrophages. Interestingly, the 2 signaling pathways
initiated upon TNFSF15 interactions with DR3 show
distinct roles in this process. TNFSF15-initiated activation
of TRAF2/RIP1/RIP3 results in rapid PDK1 activation,
which leads to bacterial uptake, and early MAPK and NF-«B
activation, which leads to multiple antimicrobial pathways,
including ROS, RNS, and autophagy pathways. These anti-
microbial pathways cooperate to mediate intracellular
bacterial clearance. In contrast, although TNFSF15-
initiated activation of the FADD/MALT1/caspase-8
pathway leads to caspase-8 processing, subsequent IL13
processing, and early IL18 secretion, which functions in an
autocrine/paracrine manner to promote secretion of
additional cytokines, we now find this pathway arm does
not play a role in bacterial uptake and only minimally
contributes to intracellular bacterial clearance. This may in
part be owing to the delayed activation of the MAPK and

NF-kB pathways associated with the time required for
autocrine/paracrine IL16 to initiate these antimicrobial
pathways relative to what is observed downstream of the
TRAF2/RIP1/RIP3 pathway.

The rs6478108 T allele is the major allele, such that the
majority of individuals are disease risk carriers. The
increased levels of inflammatory cytokines secreted in high
TNFSF15-expressing IBD risk carriers upon encounter with
microbial products likely is 1 mechanism contributing to the
increased susceptibility to IBD. At the same time, this more
robust response in macrophages from TNFSF15 region IBD
risk carriers simultaneously results in more effective intra-
cellular bacterial clearance. Conversely, this would imply that
the TNFSF15 variants with reduced risk for immune-
mediated diseases may be disadvantageous in select infec-
tious diseases. Whether common genetic variants confer a
slight increase in susceptibility to transient bacterial in-
fections can be difficult to assess and track®" and therefore is
not as well studied as how these variants affect chronic
immune-mediated diseases or chronic infectious diseases.
Targeting of tumor necrosis factor (TNF) family members has
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been a mainstay in immune-mediated diseases, and modu-
lating TNFSF15-DR3 interactions is currently in clinical trials
for select inflammatory diseases, including IBD. Our studies
highlight that therapeutic blockade of TNFSF15 may increase
the risk for infection and that rs6478108 C carriers with
reduced TNFSF15 expression are at reduced risk for IBD but
may be at increased risk for infection.

Materials and Methods

Donor Recruitment and Genotyping

Human cell studies were conducted as approved by the
Yale University Institutional Review Board. Genotyping for
polymorphisms was conducted by TaqMan (Life Technolo-
gies, Grand Island, NY).

Mouse Studies

C57BL/6 mice were maintained in a specific
pathogen-free facility and used at approximately 3 months
of age. Experiments were performed in accordance with
Yale University Institutional Animal Care and Use Commit-
tee and National Institutes of Health guidelines.

Table 1.Primer Sequences

Gene Primer sequences
TRADD 5’-CGTGGGGCTGGGTAGTTGTCTCCA-3’
5’-CAGGCCACCCCTTCCTCTCCACAT-3’
FADD 5’-CGCAGCCCCGGCCGCTTGCAGACC-3’
5’-GGGAGGCGCTGGAGGCCAACCG-3
MALT1 5’-GCCTCAGTTGCCTAGAC-3’
5’-CCAAGACTGCCTTTGAC-3’
Caspase 8 5-TGCTGAGCACGTGGAGTTAG-3’
5’-GCAGGAGAATATAATCCGCTCCA-3’
TRAF2 5’-GGAGGCATCCACCTACGATG-3’
5-GGGAGAAGATGGCGGGTATG-3’
RIP1 5-AGTCCTGGTTTGCTCCTTCCC-3’
5’-GCGTCTCCTTTCCTCCTCTCTG-3’
RIP3 5’-CTCTCTGCGAAAGGACCAAG-3’
5’-TCGTAGCCCCACTTCCTATG-3’
p40phox 5’-ATGGCTGTGGCCCAGCAGCT-3’
5’-CTCCTGTTTCACACCCACGTAG-3’
p47phox 5’-AGTACCGCGACAGACATCAC-3’
5’-CGCTCTCGCTCTTCTCTACG-3’
p67phox 5’-TGCCAAAAGGTGGGGACATT-3’
5’-CAAGAGAGCTGCCAGGAGAC-3’
NOS2 5’-CGCAGAGAACTCAGCCTCAT-3’
5-TGCCTTGAGAACTTCGGGAC-3’
ATG5 5’-TTTGCATCACCTCTGCTTTC-3’
5-TAGGCCAAAGGTTTCAGCTT-3’
ATG16L1 5’-GCATGACGTACCAAACAGGC-3’

5’-AGTTGAGCTAACTCCCCACG-3’

IL8 5’-ATGACTTTCAAGCTGGCCGTGGCT-3’
5’-TCTCAGCCCTCTTCAAAAACTTCTC-3’

IL12p40 5’-AGGGACATCATCAAACCTGACC-3’
5’-GCTGAGGTCTTGTCCGTGAA-3’
GAPDH 5’-TGCACCACCAACTGCTTAGC-3

5’-GGCATGGACTGTGGTCATGAG-3’
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Primary Human Myeloid Cell Culture

Human peripheral blood mononuclear cells were iso-
lated from peripheral blood using Ficoll-Paque (GE Dhar-
macon, Lafayette, CO). Monocytes were purified from
peripheral blood mononuclear cells by adhesion and
differentiated to MDMs for 7 days with 10 ng/mL macro-
phage colony-stimulating factor (Shenandoah Biotech-
nology, Warwick, PA) as described by Hedl et al.”*

Messenger RNA Expression

Total RNA was isolated, reverse transcribed, and quan-
titative polymerase chain reaction was performed with
normalization to glyceraldehyde-3-phosphate dehydroge-
nase. Primers are listed in Table 1.

Myeloid Cell Stimulation

Human MDMs were treated with MDP (Bachem, Tor-
rance, CA), Pam3Cys (MilliporeSigma, Burlington, MA), lipid
A (Peptides International, Louisville, KY), CpG DNA (Inviv-
oGen, San Diego, CA), or TNFSF15 (Peprotech, Rocky Hill,
NJ). In some cases, cells were given neutralizing anti-DR3
antibodies (1 ug/mL; JD3; ThermoFisher Scientific, Wal-
tham, MA) for 1 hour before treatments. In other cases, cells
were given 10 umol/L TAPI-1 (MilliporeSigma) for 1 hour
before treatments. Supernatants were assayed for cytokine
secretion per the manufacturer’s instructions using anti-
bodies to the following proteins: TNFSF15 (Peprotech), TNF
(Mab1 and Mab11), IL6 (MQ2-13A5 and MQ2-39C3), IL8
(G265-5 and G265-8), IL10 (JES3-9D7 and JES3-12G8) (BD
Biosciences, San Jose, CA), or IL18 (CRM56 and CRM57)
(eBioscience, San Diego, CA).

Flow Cytometry

Intracellular proteins were determined by flow cytom-
etry using antibodies against phospho-PDK1 (C49H2),
phospho-ERK (197G2), phospho-p38 (28B10), phospho-JNK
(G9), ERK1/2 (137F5), ATG16L1 (D6D5), cleaved caspase-8
(11G10), cleaved IL16 (D3A3Z) (Cell Signaling Technology,
Danvers, MA), or phospho-IkBa (B-9), p38 (A-12), JNK (D-2),
NEMO (F-10), ATG5 (C-1), LC3B (G-9), p40phox (D-8),
p47phox (A-7), p67phox (D-6), and NOS2 (C-11) (Santa
Cruz Biotechnology, Santa Cruz, CA). Antibodies for cell
surface expression in human MDMs included TNFSF15
(Tandysla) or DR3 (JD3) (ThermoFisher Scientific), and in
mouse cells included CD3 (17A2), CD19 (1D3/CD19) (Bio-
legend, San Diego, CA), and CD11b (M1/70) (eBioscience).

Transfection of siRNAs and Plasmids

Primary human MDMs were transfected with 100 nmol/
L scrambled or ON-TARGETplus or siGENOME SMARTpool
siRNA against DR3, TNFSF15, p40phox, p47phox, p67phox,
NOS2, ATG5, ATG16L1, ERK, p38, JNK, NEMO, TRADD,
FADD, MALT1, caspase-8, TRAF2, RIP1, RIP3 (Dharmacon)
(4 pooled siRNAs for each gene) for 48 hours and studies
then were conducted. MDMs were transfected with the
following vectors: 2 ug vectors expressing ATG5 (Addgene
plasmid 24922; kindly deposited by Toren Finkel’*), NOS2
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(a generous gift from Tony Eissa”*), p47phox (generous gift
from Celine DerMardirossian®®), 4 ug pMCL-MKK1 (R4F)
(constitutively active ERK kinase),”® 4 ug pSRa-3HA-JNKK2-
JNK1-WT (constitutively active JNK)” (generous gifts from
Dr Ben Turk), 4 ug pCDNA3-Flag MKK6(glu) (constitutively
active p38 kinase)’® (Addgene plasmid 13518; kindly
deposited by Roger Davis), 2 ug IKK-2 S177E S181E
(constitutively active NF-«kB) (Addgene plasmid 11105;
kindly deposited by Anjana Rao°”), or empty vector (a
control vector that does not express genes) using Amaxa
nucleofector technology (Lonza, Walkersville, MD).

Intracellular ROS Measurement

Intracellular ROS production was measured by flow
cytometry using 10 umol/L cell-permeant 2’,7’-dichlor-
odihydrofluorescein diacetate (ThermoFisher Scientific).

Bacterial Entry

Macrophages were co-cultured with 2.5 x 107/mL E
coli-fluorescein isothiocyanate (FITC) bioparticles (Ther-
moFisher Scientific) or at 10:1 multiplicity of infection with
live bacteria S Typhimurium-GFP (kindly provided by Jorge
E. Galan) for 20 minutes. Cell surface fluorescence was
quenched with 0.25 mg/mL trypan blue for 1 minute, and
after 4% paraformaldehyde fixation cells were analyzed by
flow cytometry. In some cases, a PDK1 agonist (12 pmol/L
PS 48; Santa Cruz Biotechnology) or a PDK1 inhibitor (3
umol/L GSK 233470; Tocris, Briston, United Kingdom) were
added.

Intracellular Bacterial Clearance

Human MDMs were infected with E faecalis, AIEC (a
generous gift from Dr E. Mizoguchi), or S Typhimurium at
10:1 multiplicity of infection for 20 minutes washed with
phosphate-buffered saline, and incubated in Hank’s
balanced salt solution with 20 ug/mL gentamicin for a total
of 2 hours. Cells were washed, lysed with 1% Triton X-100
(MilliporeSigma), and plated on MacConkey or Luria-Bertani
agar.

Generation of Mouse Bone Marrow-Derived
Macrophages and Stimulation

Bone marrow cells were cultured in Dulbecco’s modified
Eagle medium containing 10% L929-conditioned medium
and used at 6-8 days. Cells were treated with 10 ng/mL
recombinant TNFSF15 (Biolegend) or lipid A (Peptides In-
ternational). In some cases, cells were treated first with
neutralizing anti-TNFSF15 antibodies (2 pg/mL, 5G4.6; Bio
X Cell, Lebanon, NH) for 30 minutes. Supernatants were
assayed for cytokines as follows: TNF (6B8 and MP6-XT22),
IL6 (MP5-20F3 and MP5-32C11), IL12/p40 (C15.6 and
C17.8), IL10 (JES5-2A5 and JES5-16E3), IL16 (B122) (Bio-
legend), and biotin-IL18 (eBioscience).

Intestinal Lamina Propria Cell Isolation
Colonic lamina propria cells were isolated as previously
described®® and myeloid cells then were purified with
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CD11b beads (Miltenyi Biotec, Bergisch Gladbach,
Germany).
Statistical Analyses

Significance was assessed using a 2-tailed Student ¢ test
along with a Bonferroni-Holm correction for multiple
comparisons where appropriate. A 1-way analysis of vari-
ance with a Tukey post-test was used for comparing means
across genotypes. A Pvalue less than.05 was considered
significant.
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