=JIsve

>
=
E
m
2
2
=<
2
0
-y

GASTROENTEROLOGY 2010;139:1630-1641

BASIC—ALIMENTARY TRACT

ATG16L1 and NOD2 Interact in an Autophagy-Dependent Antibacterial
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See editorial on page 1448.

BACKGROUND & AIMS: The identification of numer-
ous genes that confer susceptibility to Crohn’s disease
(CD) indicates that this complex disease might arise from
alterations in several genes with related functions. We
examined the functional interaction between the CD risk
genes ATGI16L1 and NOD2 to identify an autophagy-
dependent pathway that is altered by disease-associated
variants. METHODS: We assessed Nod2 signaling and
autophagy activation in response to muramyl dipeptide
(MDP) by immunoblot, confocal microscopy, flow cy-
tometry, reporter gene, and gentamicin protection assays
in human epithelial cell lines and primary human mac-
rophages and dendritic cells from healthy individuals.
The requirement of Nod2 and ATG16L1 expression and
the effects of CD-associated variants in MDP-stimulated
autophagy and Nod2-dependent signaling were assessed
in cell lines manipulated by RNA interference, inhibitors,
or ATG16L1 or NOD2 variants and in primary macro-
phages and dendritic cells from healthy genotyped do-
nors. RESULTS: MDP stimulation of epithelial cells,
macrophages, and dendritic cells activated autophagy
and nuclear factor kB and mitogen-activated protein
kinase signaling; it also increased killing of Salmonella.
These responses depended on ATG16L1 and Nod2 ex-
pression and were impaired by CD-associated NOD2 vari-
ants. Nod2-dependent signaling was not impaired in cells
with the ATG16L1 T300A genotype, which is associated
with CD. However, the ATG16L1 T300A variant blocked
the increase in MDP-mediated killing of Salmonella only
in epithelial cell lines and not primary macrophages or
dendritic cells. CONCLUSIONS: ATG16L1 and NOD2
are components of an autophagy-mediated antibacte-
rial pathway that is altered in a cell- and function-
specific manner by CD-associated mutations.

Keywords: CARD1S; Inflammatory Bowel Disease; Genet-
ics; Mucosal Immunity.

rohn’s disease (CD) is a chronic and sometimes

debilitating form of inflammatory bowel disease.
The underlying cause of CD is unknown; however, it is
clear that both environmental and genetic factors are
required for its development. Substantial evidence impli-
cates an altered immune response to microbial factors as
an essential contributor to the pathogenesis of CD.! This
is evidenced by studies showing that the chronic inflam-
mation found in CD depends on the presence of the
bacterial microflora and by clinical data of disease remis-
sion induced by fecal stream diversion or manipulation
of the gut microflora.??

Until recently, only one gene had been conclusively
identified as a CD susceptibility gene, NOD2, which en-
codes an intracellular bacteria sensor of the Nod-like
receptor (NLR) family.* Nod2 senses the presence of
muramyl dipeptide (MDP), a component of the pepti-
doglycan cell wall from both Gram-positive and Gram-
negative bacteria. Nod2 activation results in proinflam-
matory and antibacterial molecule production dependent
on cell signaling pathways mediated by RICK/RIP2, nu-
clear factor kB (NF-kB), and mitogen-activated protein
kinases. Three major NOD2 variants are associated with
CD: 2 missense mutations, R702W and G908R, and 1
frameshift mutation, L1007fsinsC (L1007fs). Human
studies suggest that these NOD2 variants result in a loss
of function.’

Recent genome-wide association studies have dramat-
ically increased the number of CD-associated susceptibil-
ity genes.®® Two of these genes, ATGI6L1 and IRGM,
modulate autophagy. Autophagy is a starvation-induced
cell survival mechanism in which organelles are broken
down and recycled to provide nutrients. This mechanism
also plays crucial roles in the immune system for elimi-

Abbreviations used in this paper: GFP, green fluorescent protein;
LC3, light chain 3; MDP, muramyl dipeptide; MFl, mean fluorescence
intensity; NF-kB, nuclear factor kB; NLR, Nod-like receptor; RNAi, RNA
interference; shRNA, short hairpin RNA; TLR, Toll-like receptor; TNF,
tumor necrosis factor.
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nation of intracellular microbes, presentation of endog-
enous antigens via major histocompatibility complex
class II, shaping B- and T-cell function, and defining
central tolerance.’® Importantly, knockdown of ATG16L1
or IRGM expression blocks autophagy and killing of
intracellular pathogens such as Salmonella typhimurium,
Listeria monocytogenes, Mycobacterium tuberculosis, Toxo-
plasma gondii, and adherent invasive Escherichia coli, some
of which are associated with the pathogenesis of CD.!!
The only CD-associated ATG16L1 variant, T300A, results
in a specific defect in bacteria-induced autophagy.”!2
Therefore, defects in autophagy not only impact innate
and adaptive immune responses to bacteria but are also
implicated in the pathogenesis of CD.

In this study, we investigated whether NOD2 and
ATGI6L1 are components of a common antibacterial
pathway that is disrupted by specific CD-associated mu-
tations. Our data show that MDP stimulation activates
autophagy as an antibacterial response and implicates
autophagy in Nod2 activation by MDP. Our findings also
suggest that CD-associated variants of NOD2 and
ATGI6LI result in defects in an autophagy-dependent
antibacterial pathway specifically in epithelial cells.

Materials and Methods
Reagents

MDP and MDP-LL were purchased from Bachem
(Torrance, CA), 3-methyl adenine and chloroquine from
Sigma (St Louis, MO), lipopolysaccharide from Invivo-
Gen (San Diego, CA), and rapamycin from LC Laborato-
ries (Woburn, MA). Cytokines were obtained from Pep-
rotech Inc (Rocky Hill, NJ).

Cell Lines

HEK293T and HCT116 (gifts of Gabriel Nuifiez,
University of Michigan, Ann Arbor, MI) as well as
HT29GR cells (gift of Gerhard Rogler, University of Zu-
rich, Zurich, Switzerland) were maintained in Dulbecco’s
Modified Eagle Medium (Invitrogen, Carlsbad, CA) with
10% fetal bovine serum (Lonza, Allendale, NJ) and peni-
cillin/streptomycin (Invitrogen). HCT116 cells stably ex-
pressing EGFP-LC3 (HCT116:LC3) were created by trans-
fection with PolyFect (Qiagen, Valencia, CA), G418
selection (Invitrogen), and then fluorescence-activated
cell sorting to select low-expressing clones. HT29 cells
(gift of Carol de la Motte, Cleveland Clinic, Cleveland,
OH) were maintained in RPMI 1640 (Invitrogen) with
10% fetal bovine serum and penicillin/streptomycin. Cells
were transfected by PolyFect or Amaxa nucleofection
(Lonza) according to the manufacturer’s instructions.

Primary Cells

Peripheral blood-derived mononuclear cells were
obtained from healthy donors using protocols approved
by the Cleveland Clinic Institutional Review Board.
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Monocytes were obtained by counterflow centrifugal elu-
triation by the Cleveland Clinic Clinical and Transla-
tional Sciences Collaborative or purified from venous
blood by Histopaque-1077 density gradient (Sigma) fol-
lowed by negative selection using EasySep Monocyte En-
richment Kit Without CD16 Depletion (Stem Cell Tech-
nologies, Vancouver, British Columbia, Canada). Monocytes
were differentiated over 6 to 7 days through the addition
of cytokines into dendritic cells (100 ng/mL interleukin-4,
80 ng/mL granulocyte-macrophage colony-stimulating fac-
tor) or macrophages (50 ng/mL macrophage colony-stim-
ulating factor). Donors were screened for NOD2 and
ATGI6L1 CD-associated variants by TagMan SNP geno-
typing (Applied Biosystems, Foster City, CA) or restric-
tion fragment length polymorphism analysis.

Plasmids and RNA Interference

NLR plasmids have been previously described.!?
Dominant negative IKK constructs were gifts of Derek
Abbott (Case Western Reserve University, Cleveland,
OH). EGFP-tagged LC3 and kinase-dead Vps34 plasmids
were obtained from Tony Eissa (Baylor University, Waco,
TX), myc-ATG16L1 was from Origene Technologies Inc
(Rockville, MD), and NOD2 (NM_022162.1-2959s1c1),
ATG16L1 (NM_030803.5-2181s1cl), and nonspecific
control (SHC002) MISSION small hairpin RNAs
(shRNA) were purchased from Sigma. Beclin-1 shRNA
and its matching control were gifts of William Maltese
(University of Toledo, Toledo, OH). RICK shRNA
(V2HS_17019) and pSMc2 were obtained from Open
Biosystems (Huntsville, AL).

Immunoblots

Immunoblots were performed on whole cell ly-
sates with antibodies to LC3 (Novus Biologicals, Little-
ton, CO), tubulin (Sigma), ATG16L1 (Abgent, San Diego,
CA), Beclin-1 (Novus Biologicals), green fluorescent pro-
tein (GFP; Santa Cruz Biotechnology Inc, Santa Cruz,
CA), HA (Covance Research Products, Princeton, NJ),
phosphorylated IkBa, phosphorylated p38, or glyceralde-
hyde-3-phosphate dehydrogenase (Cell Signaling Tech-
nology, Boston, MA).

Luciferase Reporter Assays

Assays were performed as previously described.!3
Cells were transfected in triplicate with NF-kB luciferase
reporter, 3-galactosidase transfection control construct,
and expression plasmids. Cells were stimulated with li-
gands for 16 hours and lysates assayed using the Lucif-
erase Reporter Assay System (Promega, Madison, WI) and
for B-galactosidase activity.'® Luciferase activity was nor-
malized to B-galactosidase activity (nLuc).

Gentamicin Protection Assays

Intracellular killing of Salmonella enterica serovar
typhimurium SL1344 (gift of Gabriel Nurfiez) was assessed
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by gentamicin protection assay.'* Overnight cultures in
LB broth were incubated at 30°C, shaken at 180 rpm,
and then diluted 1:7 and grown until Az = 0.5. Cells
were infected in triplicate at a multiplicity of infection of
10:1 for 30 minutes, washed with phosphate-buffered
saline, and further incubated in gentamicin-supple-
mented Dulbecco’s Modified Eagle Medium (50 ug/mL)
for 1 hour (HEK293T, HCT116, macrophages, and den-
dritic cells) or 3 hours (HT29 and HT29GR cells). Cells
were lysed in 1% Triton/phosphate-buffered saline for 10
minutes on ice and serial dilutions plated on LB agar in
duplicate and grown overnight at 30°C. Colonies recov-
ered were counted and colony-forming units per well
calculated.

Flow Cytometry

HEK293T cells were plated at 10° cells/well and
transfected with a total of 2 ug DNA (1 wpg GFP-
mCherry-LC3 [gift of Jaynatha Debnath, University of
California, San Francisco]'s and 0.1 pg of NLR plasmids)
using PolyFect according to the manufacturer’s instruc-
tions. Forty-eight hours after transfection, cells were
maintained in complete media and rapamycin treated (25
pg/mL for 1 hour) or starved (Hanks’ balanced salt
solution for 2 hours), followed by collection in phos-
phate-buffered saline. A total of 10,000 live events were
acquired on a FACSAria II multivariable cell sorter (Bec-
ton-Dickinson, San Jose, CA). Data were analyzed using
FlowJo version 9.0.1 software (Tree Star, Ashland, OR).
The target population was gated based on a forward-
versus side-scatter plot, and transfected events were de-
termined by GFP versus mCherry density plot. The mean
fluorescence intensity (MFI) of each fluorochrome was
determined in the target population. Results were ex-
pressed as GFP/mCherry MFI ratio normalized to un-
treated sample.

Cytokine Secretion Assay

Peripheral blood-derived mononuclear cells were
plated in triplicate in RPMI plus 10% fetal bovine serum
plus penicillin/streptomycin at 2 X 105 cells/well in 48-
well plates and stimulated with 0, 0.1, or 1 pg/mL MDP
for 18 hours. Cell supernatants were assayed by Quan-
tikine human TNF-a immunoassay (R&D Systems, Min-
neapolis, MN) according to the manufacturer’s instruc-
tions.

Microscopy

HCT116:LC3 cells were MDP stimulated (10 g/
mL) or rapamycin stimulated (25 wg/mL), fixed in meth-
anol, and mounted on slides using Vectashield plus DAPI
(Vector Laboratories, Burlingame, CA). Samples were vi-
sualized by confocal microscopy using a 40X objective
lens on a Leica TCS-SP spectral laser scanning confocal
microscope equipped with a Q-Imaging Retiga EXi
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cooled CCD camera and Image ProPlus Capture and
Analysis software (Media Cybernetics, Silver Spring, MD).
EGFP-LC3* vesicles were scored in z-stack overlays from
at least 4 separate fields. Autophagosome analysis was
performed in an automated fashion using customized
visual basic Image-Pro Plus macros. Transmission elec-
tron microscopy of HCT116:LC3 cells stimulated for 1
hour with MDP (10 wg/mL) was performed by the Cleve-
land Clinic Imaging Core Facility.

Statistical Analyses

Statistical significance between groups was deter-
mined by unpaired 2-tailed Student ¢ test. For multiple
group comparisons, data were analyzed by the Quantita-
tive Health Sciences Department (Cleveland Clinic) using
natural logarithm transformation to achieve normality,
and results are summarized using mean and SD or con-
fidence limits for the mean. Repeated-measures analysis
of variance models were fit on the log-transformed re-
sponses, using ATG16L1 genotype, MDP dose, and their
interaction as predictors. An autoregressive correlation
structure was used to model the association within each
subject across MDP dose, as was a genotype-specific com-
pound symmetry correlation structure. Statistical analy-
sis was performed using SAS software (version 9.1; SAS
Institute Inc, Cary, NC). Differences were considered sig-
nificant when P < .05.

Results

The Bacterial Cell Wall Component,
Muramyl Dipeptide, Stimulates Autophagy

We examined the role of autophagy in Nod2-
mediated responses in both dendritic and epithelial cells,
both of which play significant roles in the pathogenesis
of CD.! Specifically, we explored whether the Nod2 li-
gand MDP stimulates autophagy in primary human den-
dritic cells and the human colon epithelial cell line
HCT116. The recruitment of microtubule-associated pro-
tein 1 light chain 3 (LC3) from the cytoplasm to vesicle
membranes has been defined as a specific marker of
autophagosomes.'® This process involves the modifica-
tion of a soluble form of LC3 (LC3-I) to a lipidated form
(LC3-II), which inserts into the forming autophagosomal
membrane. This can be detected by a shift in molecular
weight in an immunoblot or the localization of LC3 to
vesicles by microscopy. We assessed autophagy induction
by immunoblot and found that in both HCT116 and
dendritic cells, MDP stimulation increased LC3-II levels
within 30 minutes to 1 hour (Figure 1A and B). This
result was confirmed by the microscopic examination of
HCT116 cells stably expressing EGFP-LC3 (HCT116:LC3
cells), which showed a modest, but reproducible increase
(~2-fold) in the number of LC3-positive cells after MDP
stimulation (Figure 1C and D). Together, the results of
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Figure 1. MDP stimulates autophagy in epithelial and dendritic cells. (A) Immunoblot of HCT116 cells treated with 10 ng/mL MDP. LC3-II
accumulation quantified by LC3-II/glyceraldehyde-3-phosphate dehydrogenase ratio. p-p38, phosphorylated p38. (B) Assay performed as in A with
primary human dendritic cells. (C) Confocal micrographs of HCT116 expressing EGFP-LC3 (green) in media or MDP-stimulated (20 w.g/mL) for 1
hour. (D) Quantification of cells with punctuate EGFP-LC3 (mean = SD), n = 4 fields with >50 cells/field. (E) Electron micrograph of MDP-stimulated
HCT116:LC3 cells (10 wg/mL for 1 hour). Arrows indicate autophagosomes. (F) Immunoblot of MDP-LL-stimulated (10 wg/mL) HCT116 cells.

these 2 assays show LC3-II accumulation preceding the
formation of LC3-positive puncta. The formation of au-
tophagosomes was further confirmed by electron micros-
copy in MDP-stimulated HCT116:LC3 cells (Figure 1E).
This increase in autophagy was specific to the stimula-
tory form of MDP, because treatment of HCT116 cells
with a nonstimulatory MDP isomer, MDP-LL, did not
increase LC3-II levels (Figure 1F).

We assessed the effect of MDP stimulation on the
killing of an intracellular pathogen, Salmonella typhi-
murium, to measure autophagy in the context of an im-
mune response. Salmonella is targeted by autophagy and
has become a model organism to study the autophagic
process.'® We confirmed that Salmonella infection induces
an autophagic response by increasing LC3-II accumula-
tion in immunoblots of HCT116 cell lysates (Supplemen-
tary Figure 1A). In addition, rapamycin stimulation of
autophagy increased Salmonella killing in gentamicin pro-
tection assays, while reduction of ATG16L1 expression by
RNA interference (RNAi) decreased bacterial clearance
(Supplementary Figure 1B and C and Supplementary

Figure 2D). Using this system, we asked whether MDP-
stimulated autophagy enhanced the clearance of intracel-
lular Salmonella infection. MDP stimulation of HCT116
cells during infection significantly increased Salmonella
killing (Figure 2A). This antibacterial effect was specific
to the stimulatory form of MDP, because treatment with
MDP-LL had no effect. The MDP enhancement of bac-
terial killing was autophagy dependent, because RNAi
knockdown of ATG16L1 expression abrogated the MDP
response (Figure 2B). Similar results were observed in
both primary human macrophages and dendritic cells
infected with Salmonella (Figure 2C). These results show
that MDP stimulation of autophagy results in increased
antibacterial activity in both primary immune cells and

epithelial cells.

Nod2 Is Necessary and Sufficient for
Muramyl Dipeptide-Stimulated Autophagic
Responses

With the generation of Nod2-deficient mice, it
has been shown that Nod2 mediates most of the cel-
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Figure 2. MDP enhances Salmonella killing via an ATG16L7-depen-
dent mechanism in gentamicin protection assays. (A) Infected HCT116
cells treated with media, MDP (10 ug/mL), or MDP-LL (10 mg/mL)
(mean = SD). (B) HCT116 cells transfected with control or ATG16L1
RNAI constructs and infected with or without MDP (10 ug/mL) (mean =
SD). (C) Assay performed as in A using primary human macrophages or
dendritic cells (mean = SD).

lular effects of MDP.'” However, additional NLRs are
activated by MDP, such as NLRP3, to activate
caspase-1 and cause secretion of interleukin-18 and
interleukin-18.1® Therefore, we investigated the re-
quirement of Nod2 in autophagic antibacterial killing
in response to MDP stimulation. We found MDP-
enhanced Salmonella killing was blocked in HCT116
cells transfected with Nod2 RNAIi (Figure 3A), indicat-
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ing that Nod2 expression is required for MDP-en-
hanced antibacterial activity.

Next, we investigated whether Nod2 activity is suffi-
cient for an antibacterial response mediated by autoph-
agy. For these experiments, we used HEK293T cells tran-
siently transfected with NLR expression constructs.
HEK293T cells do not express detectable levels of NLR or
Toll-like receptor (TLR) proteins'® and therefore are com-
monly used to assess components of these microbial
sensor pathways in isolation. In addition, NLR overex-
pression causes ligand-independent activation of these
proteins.’® We found that Nod2 overexpression signifi-
cantly increased Salmonella killing in a dose-dependent
manner (Figure 3B). This Nod2-dependent increase was
dependent on Nod2 signal transduction, because RNAi
knockdown of the signaling adaptor RICK blocked
Nod2-dependent antibacterial activity (Figure 3C). A sim-
ilar increase was not observed when NLRP3 was ex-
pressed, suggesting that, of the NLRs activated by MDP,
this effect is specific to Nod2 (Figure 3D). Autophagy is
also required for this effect, because RNAi knockdown of
ATGI16L1 expression decreased the basal level of Salmo-
nella killing and blocked Nod2-enhanced killing (Figure 3D).

These findings were further confirmed as an autoph-
agy-dependent response by a separate autophagy assay
that detects the maturation of autophagosomes. The
LC3-positive autophagosome matures through fusion
with lysosomes, providing an acidic environment pro-
moting degradation of autophagosome contents. Auto-
phagosomal maturation can be tracked by a GFP-
mCherry-LC3 tandem tagged construct, because the
acidic environment in the mature autophagolysome
quenches the fluorescent signal of GFP but not the
mCherry fluorophore.?? Traditionally, the maturation of
dual-positive autophagosomes to single mCherry-posi-
tive autophagolysosomes is quantified by fluorescent
confocal microscopy. We adapted this method for anal-
ysis by flow cytometry to increase the speed of analysis
and decrease investigator bias. In response to starvation
or rapamycin treatment, HEK293T cells expressing GFP-
mCherry-LC3 showed a significant decrease in GFP MFI
without a similar change in mCherry fluorescence (Sup-
plementary Figure 3C-F). This change is reflected in a
statistically significant decreased GFP/mCherry ratio over
a series of independent experiments (Supplementary Fig-
ure 3B). Using this system, we transfected HEK293T cells
with GFP-mCherry-LC3 and vector, Nod2, or NLRP3
expression constructs and detected a significant increase
in autophagosomal maturation in the Nod2-expressing
population (Figure 3E). Expression of NLRP3 did not
change the GFP/mCherry ratio (Figure 3E). These results
show that MDP-stimulated antibacterial responses are
mediated by Nod2 signaling and autophagy. In addition,
Nod2 is sufficient to induce these effects when activated
in a ligand-independent manner.
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Figure 3. Nod2 is necessary and sufficient for MDP-enhanced Salmonella killing by autophagy. (A) HCT116 cells transfected with control or Nod2
RNAI and infected with or without MDP (10 ng/mL) (mean = SD). (B) Gentamicin protection assay performed with HEK293T cells transfected with
indicated amounts of Nod2 plasmid (mean = SD). (C) Control or RICK RNAI transfected HCT116 cells and infected with or without MDP (10 wg/mL)
(mean = SD). (D) Gentamicin protection assay performed with HEK293T cells transfected with vector, Nod2, or NLRP3 expression plasmid and
control or ATG16L1 RNAI construct (mean = SD). (E) Autophagosomal maturation assessed by flow cytometric analysis of GFP-mCherry-LC3 in
HEK293T cells transfected with vector, Nod2, or NLRP3 expression vectors. Histogram of GFP MFI of the mCherry-positive population (feft).
Quantification of GFP/mCherry MFI ratio normalized to vector transfected sample (mean = SD) (right, n = 4).

CD-Associated NOD2 Variants Are Impaired
in Both Proinflammatory Signaling and
Induction of Autophagy

Next, we assessed the activation of autophagic
responses by CD-associated NOD2 variants. The re-
sponses of HEK293T cells transfected with expression
plasmids for the 3 major CD-associated Nod2 variants
were compared with cells transfected with wild-type
Nod2 or empty vector. Consistent with previous reports,’
the Nod2 variants R702W and G908R activated signifi-
cantly less NF-kB activity than wild-type Nod2 in a lu-

ciferase reporter assay, while L1007fs was unable to acti-
vate the reporter (Figure 4A). When these Nod2 mutants
were tested for enhancement of Salmonella killing, a sim-
ilar profile was seen. The antibacterial killing by Nod2
was significantly impaired by the R702W and G908R
mutations and completely lost by the L1007fs mutant
(Figure 4B). A recent report described a role for the
NF-kB activating kinases IKKa and IKK in activation of
autophagy?!; therefore, we investigated whether these
IKKs are required for Nod2 enhancement of bacterial
killing. Dominant negative IKKa and IKKB were ex-
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Figure 4. CD-associated NOD2 mutants are impaired in signaling, antibacterial killing, and autophagy. (A) NF-«B luciferase reporter assay in
HEK293T cells transfected with Nod2 plasmids and stimulated with MDP (1 ng/mL) for 18 hours. Luciferase values normalized to B-gal transfection
control (nLuc) (mean = SD). (B) Gentamicin protection assay of HEK293T cells transfected with Nod2 plasmids (mean = SD). (C) NF-«B luciferase
reporter assay in HEK293T cells transfected with Nod2 and IKK dominant negative (DN) constructs (mean = SD). (D) Gentamicin protection assay
of HEK293T cells transfected with Nod2 and IKK DN plasmids (mean = SD). (E) Autophagosomal maturation assessed by flow cytometric analysis
of GFP-mCherry-LC3 in HEK293T cells transfected with vector, Nod2, or Nod2 L1007fs plasmids. Histogram of GFP MFI of the mCherry-positive
population (feft). Quantification of GFP/mCherry MFI ratio normalized to vector transfected sample (mean = SD) (right, n = 7). (F) LC3 immunoblots
of HEK293T cells transfected with Nod2 or Nod2 L1007fs plasmids treated with MDP (1 wg/mL) or rapamycin (25 ug/mL) for the indicated times
(hours). Quantification of LC3-Il amount indicated by LC3-Il/tubulin ratio (right).

pressed in HEK293T cells to test their effect on Nod2-
dependent functions. While both dominant negative
IKKs blocked NF-«B activity stimulated by Nod2 overex-
pression (Figure 4C), Nod2-enhanced bacterial killing
was unaffected (Figure 4D). These results indicate that
CD-associated Nod2 mutations decrease proinflamma-
tory NF-kB signaling as well as NF-kB-independent an-
tibacterial Nod2 function.

Next, we examined whether the defect in Salmonella
killing by CD-associated Nod2 mutants is due to an
impairment of autophagy. We assessed maturation of
autophagosomes by 2 separate assays. Overexpression of
Nod2 in HEK293T cells, but not the L1007fs mutant,

induced autophagosome maturation, as reflected by a
significant decrease in the GFP/mCherry ratio (Figure
4E). In addition, MDP-stimulated LC3-II accumulation
in HEK293T cells transfected with low amounts of wild-
type or L1007fs mutant Nod2 was assessed by immuno-
blot. Significant changes in LC3-II levels were detected in
cells expressing wild-type Nod2 but not the L1007fs
mutant (Figure 4F). This was not due to a global auto-
phagy defect in these cells, because rapamycin treatment
activated autophagy in both conditions. These results
show that MDP-stimulated autophagy is a Nod2-depen-
dent antibacterial response that may be altered in indi-
viduals carrying specific NOD2 mutations.
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Figure 5. Inhibition of autophagy impairs activation of Nod2 signaling. NF-«B luciferase reporter assays were performed in HCT116 cells in the
presence of autophagy inhibitors. Luciferase values normalized to B-gal transfection control (nLuc) (mean = SD). (A) Steps of autophagosome
formation and maturation with key molecules and action of inhibitors indicated. (B) Cells stimulated with MDP and indicated amounts of 3-methyl
adenine. (C) Cells transfected with either control or Beclin-1 RNAi constructs. (D) Cells transfected with control, ATG16L1, or Nod2 RNAI constructs.

(E) Cells stimulated with MDP and indicated amounts of chloroquine.

Inhibition of Autophagy Impairs Activation of

Nod2 Signaling

MDP must be delivered to the cell cytosol to activate
Nod2. MDP enters cells by a vesicular pathway and trafficks
to an acidic compartment to stimulate Nod2 signal-
ing.!7?223 Many of the vesicular characteristics of MDP-
containing vesicles are shared with autophagosomes, lead-
ing us to investigate whether autophagy is involved in the
intracellular trafficking of MDP and activation of Nod2
signaling.

We tested the contribution of autophagy to Nod2
signaling activation using NF-«B luciferase reporter as-
says in HCT116 cells. MDP activates both Nod2 and
NLRP3; however, MDP stimulation of NF-«B signaling is

a Nod2-dependent activity, as shown by previous stud-
ies'” and RNAi knockdown of Nod2 expression (Figure
SD). The first stage of autophagy is dependent on a
phosphatidylinositol 3-kinase complex containing Vps34
and Beclin-1, which causes the formation of autophagic
isolation membranes (Figure SA). When initiation of au-
tophagy was inhibited by treatment with a phosphatidyl-
inositol 3-kinase inhibitor, 3-methyl adenine, or expres-
sion of a kinase-dead Vps34 mutant, Nod2 signaling was
dose-dependently inhibited (Figure 5B and Supplemen-
tary Figure 4). Similarly, Nod2-dependent NF-«B activa-
tion was decreased with RNAi knockdown of Beclin-1
expression (Figure 5C). ATG16L1 assists in the recruit-
ment of LC3 to autophagosomal membranes mediating
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Figure 6. ATG76L17 T300A impairs MDP-enhanced bacterial killing in a cell type—specific manner. (A) TNF-a secreted by MDP-stimulated peripheral
blood-derived mononuclear cells (0, 0.1, or 1 ug/mL for 18 hours) with the indicated genotypes; median values of the group (n = 6) are indicated by
bars. WT, wild-type ATG16L1; HT, heterozygous ATG76L1; T300A, homozygous ATG16L1 T300A. (B) Immunoblot analysis of MDP-stimulated, (10
rg/mL), genotyped dendritic cells. Induction of autophagy quantified by LC3-Il accumulation indicated by LC3-Il/glyceraldehyde-3-phosphate
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protection assay of genotyped macrophages performed in media with or without MDP (10 ug/mL). Bars indicate the geometric mean values (WT,
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Gentamicin protection assay of HT29 or HT29GR cells performed in media with or without MDP (20 ng/mL) (mean = SD). (E) NF-«B luciferase
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plasmids and control, or ATG16L1 RNAI performed in media with or without MDP (20 png/mL) (mean = SD).

the elongation and closure of autophagosomes. RNAI-
mediated knockdown of ATG16L1 impaired MDP-stim-
ulated NF-kB signaling (Figure 5D). These findings show
a novel, functional interaction between 2 CD risk genes
whereby ATG16L1 expression affects Nod2 function. In
addition, when lysosomal fusion was inhibited by chlo-
roquine treatment, a dose-dependent reduction in Nod2
signaling was observed (Figure SE). This result concurs
with published data from mouse macrophages,?? in
which bafilomycin Al treatment inhibits Nod2 signaling.
Our results show that inhibition of autophagy, at several
distinct steps of the autophagy pathway, significantly
decreases the activation of Nod2 signaling.

The CD-Associated ATG16L1 T300A Variant
Specifically Impairs Nod2-Dependent
Antibacterial Functions in Epithelial Cells

The CD-associated variant of ATG16L1 T300A has
specific reductions in bacteria-stimulated autophagy and
not other forms of autophagy.'?24 Because loss of
ATG16L1 expression had dramatic effects on Nod2 func-
tion, we examined whether the CD-associated variant of

ATGI6LI affected Nod2 function in both monocytic and
epithelial cells.

We obtained monocytic cells from healthy donors
genotyped for the ATGI6LI T300A variant to test the
effect of this variant on Nod2-dependent responses. First,
we assessed activation of Nod2 signaling by measuring
tumor necrosis factor (TNF)-a secretion (a cytokine cen-
tral to the pathogenesis of CD and a target for CD
therapy!) and MDP-stimulated phosphorylation of sig-
naling proteins. Studies suggest the T300A variant is a
loss-of-function allele!224; therefore, we combined indi-
viduals heterozygous for the T300A variant and wild-type
individuals and compared their responses with T300A
homozygous individuals. We found no statistically sig-
nificant differences in TNF-a secretion by MDP-stimu-
lated peripheral blood-derived mononuclear cells in the 2
groups (Figure 6A). In addition, the timing and ampli-
tude of Nod2 signaling in dendritic cells from these
donors was not drastically different, as assessed by phos-
phorylation of p38 mitogen-activated protein kinase in
immunoblots (Figure 6B). Autophagic responses were
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not significantly altered either, because there were no
consistent differences in the timing or amount of LC3-II
accumulated in MDP-stimulated dendritic cells from
wild-type, heterozygous, or homozygous donors (Figure
6B). Macrophages from all donor groups also had com-
parable mean basal Salmonella killing, and MDP-stimu-
lated bacterial killing was increased by a similar amount
(30%-40%; Figure 6C). These results suggest that the
CD-associated ATG16L1 T300A variant does not signifi-
cantly affect Nod2 function in monocytic cells.

These findings are in contrast to the results obtained
from epithelial cells. We tested Nod2 function in human
colon epithelial cell lines screened for ATGI6LI and
NOD2 risk alleles. We compared 2 different derivatives of
the HT29 cell line, one of which has wild-type ATGI16L1
and expresses Nod2 (“HT29”) and the other of which has
ATG16L1 T300A and does not express Nod2 (“HT29GR”).
Initially, we compared the MDP-induced functions of
these cells. As expected, in the absence of Nod2 expres-
sion, MDP treatment of HT29GR cells did not enhance
Salmonella killing (Figure 6D) or activation of an NF-«B
luciferase reporter (Figure 6E). When exogenous Nod?2 is
expressed by transfection in HT29GR cells, we saw a
Nod2-dependent increase in basal NF-«kB luciferase re-
porter expression and an MDP-stimulated enhancement
of its expression (Figure 6E). However, when Nod2-de-
pendent antibacterial killing was measured in the same
cells, we found no differences in the basal levels of Sal-
monella killing and no MDP-enhanced killing (Figure 6E).
To determine if the ATGI6LI T300A risk variant was
responsible for this defect in bacterial killing, we knocked
down expression of endogenous ATG16L1 T300A using
RNAI targeting the 3’ untranslated region and expressed
wild-type ATG16L1 or mutant ATG16L1 T300A in its
place by transfection of complementary DNA expression
plasmids. We saw a restoration of MDP-stimulated anti-
bacterial killing in cells that now expressed wild-type
ATGI16L1, while expression of the mutant ATG16L1
T300A was unable to complement the defect (Figure 6F).
These results indicate that the CD-associated ATG16L1
T300A risk variant causes a specific loss of Nod2 anti-
bacterial function in colon epithelial cells.

Discussion

Great advances have been made in understanding
the genetics of CD through the use of genome-wide
association studies.®-® However, significant challenges re-
main to identify the functional consequences of disease-
associated variants and how they contribute to disease
pathogenesis. Instead of focusing on the effects of a
single gene, we examined the functional interplay of CD
risk genes to identify common pathways altered by spe-
cific genetic variants. Although it is of great interest to
study these pathways in the context of the disease, the
inherent variability of patient-derived cells (ie, current
inflammatory status, medications, disease subtype, and
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so on) and limited amounts of sample make interpreta-
tion of results challenging in small sample sizes. There-
fore, we examined the interplay of 2 CD risk genes in
healthy individuals to reduce the complexity of our sys-
tem and provide a basis for our future studies in patient-
derived cells. Our findings show that ATGI6L1 and NOD2
functionally interact in an autophagy-dependent antibac-
terial pathway that is altered by CD-associated variants in
a cell type-specific manner.

Multiple links are evident between autophagy and mi-
crobial sensors. Autophagy has been shown to be acti-
vated by TLR signaling, playing a positive role in the
control of mycobacteria.?5-28 TLR-stimulated autophagy
was shown to require signaling adaptor proteins, such as
MyD88 and TRIF.2527:28 Related studies proposed the
requirement for a TLR-independent pathway in autoph-
agic killing of Salmonella.?® While our studies were under
way, it was shown by 2 other groups that Nod2 activates
autophagy to enhance intracellular bacterial killing.30-31
Cooney et al found that MDP-activated autophagy en-
hanced bacterial killing and major histocompatibility
complex class II-dependent antigen presentation in pri-
mary human dendritic cells and that this process was
dependent on ATG16L1, Nod2, and the signaling adap-
tor RICK but not NLRP3.3° Another group showed that
Nodl and Nod2 stimulate autophagy in a RICK- and
NF-kB-independent manner, possibly through ATG16L1
recruitment bacterial entry sites.3! Our findings confirm
these results and clarify discrepancies between these re-
ports, supporting a role for Nod2-dependent signaling
mediated by RICK but not NF-kB in this process.

Autophagy is also implicated in the delivery of micro-
bial ligands to intracellular compartments containing
TLRs to stimulate an antimicrobial response. Autophagy
is essential for the stimulation of TLR7 and TLRS8 by viral
single-stranded RINA2532 as well as the delivery of co-
stimulatory ligands to TLR9.33 Our results implicate au-
tophagy in intracellular trafficking of MDP essential for
Nod2-dependent signaling. However, it should be noted
that autophagy inhibition did not completely ablate
MDP-stimulated Nod2 signaling, suggesting a redundant
mechanism in this process. This agrees with reports
showing multiple entry routes for MDP into cells, as well
as cell type-specific mechanisms for uptake.* For exam-
ple, a recent study shows no difference in MDP-stimu-
lated cytokine secretion between wild-type or ATG16L1
null mouse macrophages,?® whereas our data in human
epithelial cell lines show a dramatic reduction in MDP-
stimulated NF-«B activity when ATGIG6LI expression is
knocked down. Our results suggest autophagy is an ad-
ditional, novel mechanism for MDP intracellular traffick-
ing that may contribute to a positive feedback loop
during intracellular bacterial infection.

The ATG16L1 T300A risk variant is highly prevalent in
healthy individuals (0.53).7 In our study of cells from
healthy donors, the ATGI6LI T300A variant specifically
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impaired Nod2-dependent antibacterial function in co-
lon epithelial cells but not in monocytic cells. This is in
contrast to recent reports showing MDP-stimulated au-
tophagy impairment in dendritic cells and lymphoblas-
toid cells from patients with CD with the ATGI6LI
T300A variant.3%3! This raises the intriguing possibility
of other pathway modulators (environmental, microbial,
genetic, and so on) contributing to pathway impairment
and disease development. In addition, severe Paneth cell
abnormalities were found in patients with CD carrying
the ATG16L1 T300A variant3* or NOD?2 risk variants.3® In
mice, Nod2 deficiency results in increased intestinal bac-
terial load and greater susceptibility to pathogenic bac-
terial colonization.3¢ This finding could result from Paneth
cell dysfunction, defects in intestinal autophagic responses,
or more likely a combination of the two. Our results suggest
that in addition to Paneth cell defects, ATG16L1 and NOD2
risk variants alter intestinal epithelial cell antimicrobial re-
sponses, potentially altering the amount or composition of
gut bacteria and increasing CD susceptibility.

Finally, we showed that both ATG16LI and NOD2 con-
tribute to an autophagy-dependent antibacterial pathway
that is altered in a cell type-specific manner by CD-associ-
ated mutations. Two additional CD risk genes (IRGM and
NCF4) have obvious links to autophagy, making them can-
didates for inclusion in this pathway as well.3” Future stud-
ies will need to examine the contribution of these and other
CD risk genes to this autophagic, antimicrobial pathway.
Examining the interplay of risk genes may lead to addi-
tional, more effective, and individually tailored treatments
for CD based on underlying disease mechanisms.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2010.07.006.
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Supplementary Figure 3. Flow cytometric analysis of HEK293T cells
transfected with GFP-mCherry-LC3. (A) GFP versus mCherry density
plot showing the gated population used for analysis of relative MFI. (B)
Quantification of the change in GFP/mCherry ratio in response to
Hank’s balanced salt solution starvation for 2 hours or rapamycin treat-
ment (25 pg/mL, Rap) for 1 hour relative to cells maintained in media
(mean = SD; media, n = 10; Hank’s balanced salt solution, n = 9; Rap,
n = 5). (C) Representative histogram of GFP MFI of the mCherry-
positive population of cells maintained in media or starved in Hank’s
balanced salt solution for 2 hours. (D) Representative histogram of
mCherry MFI of the mCherry-positive population of cells maintained in
media or starved in Hank’s balanced salt solution for 2 hours. (E) Rep-
resentative histogram of GFP MFI of the mCherry-positive population of
cells maintained in media or treated with rapamycin (25 ug/mL) for 1
hour. (F) Representative histogram of mCherry MFI of the mCherry-
positive population of cells maintained in media or treated with rapamy-
cin (25 pg/mL) for 1 hour.
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Supplementary Figure 4. NF-«B luciferase reporter assay per-
formed in HCT116 cells transfected with the indicated amounts of ki-
nase-dead Vps34 (Vps34 KD) expression plasmid. Cells treated with
media or MDP (1 ug/mL) for 16 hours. Luciferase values normalized to
B-gal transfection control (nLuc) (mean = SD).
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