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Elucidating factors regulating Crohn’s disease-associated
nucleotide-binding oligomerization domain 2 (Nod2) responses
is critical to understanding the mechanisms of intestinal
immune homeostasis. Stimulation of primary monocyte-de-
rived macrophages by muramyl dipeptide (MDP), a component
of bacterial peptidoglycan and specific Nod2 ligand, produces
cytokines, including IL-1f3. We found that IL-1 blockade pro-
foundly inhibits MDP-induced cytokine production in human
monocyte-derived macrophages, demonstrating a key role for
IL-1f autocrine secretion in Nod2-mediated responses. Impor-
tantly, although MAPK activation has previously been attrib-
uted directly to Nod?2 signaling, we determined that the IL-13
autocrine loop is responsible for the majority of MDP-induced
MAPK activation. Because the critical effects of IL-1 autocrine
secretion on MAPK activation are observed as early as 10 min
after Nod2 stimulation, we hypothesized that secretion of IL-13
from preexisting intracellular pro-IL-1f stores is necessary for
optimal MDP-mediated cytokine induction. Consistently, we
detected IL-1(3 secretion within 10 min of MDP treatment.
Moreover, caspase-1 inhibition significantly attenuates MDP-
mediated early MAPK activation. Importantly, selective JNK/
p38 activation is sufficient to rescue the decreased cytokine
secretion during Nod2 stimulation in the absence of autocrine
IL-1B. Finally, we found that the IL-1f autocrine loop signifi-
cantly enhances responses by a broad range of pattern recogni-
tion receptors. Taken together, MDP stimulation activates
Nod2 to process and release preexisting pro-IL-1f3 stores in a
caspase-1-dependent fashion; this secreted IL-1, in turn, con-
tributes to the majority of MDP-initiated MAPK activation and
leads to subsequent cytokine secretion. Our findings clarify
mechanisms of IL-1f3 contributions to Nod2 responses and elu-
cidate the dominant role of IL-1f3 in MDP-initiated MAPK and
cytokine secretion.

Crohn’s disease (CD)* is an inflammatory bowel disease
characterized by dysregulated intestinal immune homeostasis
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(1). Of the genes identified to date, loss-of-function polymor-
phisms in nucleotide oligomerization domain 2 (Nod2) are
associated with the highest genetic risk for developing CD (1).
The mechanisms regulating Nod2 are, however, not fully
understood. Muramyl dipeptide (MDP) is the minimal active
bacterial peptidoglycan component that specifically stimulates
Nod2 (1). MDP treatment activates NF-kB and MAPK path-
ways and induces cytokines, including IL-1B3, in multiple
human and mouse cell populations, including myeloid-derived
cells (1-4). Autocrine IL-1f is implicated in amplifying Toll-
like receptor (TLR) cytokine induction, in particular by TLR4
(5-7) and TLR9 (5, 6, 8, 9), however, the mechanism of this
contribution is not well understood. The few reports address-
ing the IL-1B autocrine loop in Nod2 signaling have yielded
mixed results. Mouse studies demonstrate that Nod2-induced
IL-1B is required in in vivo mouse models for optimal IL-6
induction (10), LPS response enhancement (11), and Nod2-me-
diated peritonitis, although not Nod2-mediated uveitis (12).
Studies in human monocytes find that IL-13 autocrine secre-
tion is not required for Nod2/TLR4 synergy (13) but is needed
for IL-32/Nod2 synergy (14). Thus far, the mechanism(s)
through which the IL-1 autocrine loop contributes to Nod2
responses is not known.

The Nod2-induced IL-18 autocrine loop is of particular
interest because the IL-18 pathway is relevant to inflammatory
bowel disease as evidenced by: (i) CD association of loss-of-
function polymorphisms in a region that includes NLRP3, a
protein required for IL-1 processing (15), and (ii) association
of decreased IL-1 receptor (IL-1R) signaling with more severe
colitis in mouse and human studies (9, 16, 17). Given the impor-
tance of both Nod2 and IL-1R regulation for intestinal immune
homeostasis (18) and the putative IL-1 contribution to Nod2-
induced cytokine secretion, we sought to further define this
contribution and determine the mechanism(s) of the IL-13
autocrine loop contribution to Nod2 responses. Because Nod2
and IL-1R are relevant to human diseases and because there
are significant differences in Nod2-mediated cytokine induc-
tion between mouse and human myeloid cells (2, 18-25),
we utilized primary human monocyte-derived macrophages
(MDMs). We found that the IL-18 autocrine loop is a major
contributor to MDP-mediated secretion of both proinflamma-
tory and antiinflammatory cytokines. Importantly, in the
absence of the IL-1B3 autocrine loop, MDP stimulation of

dipeptide; Nod, nucleotide-binding oligomerization domain; PRR, pattern
recognition receptor; TLR, Toll-like receptor.
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FIGURE 1. The IL-1 autocrine loop contributes to Nod2-mediated induction of pro- and antiinflammatory cytokines in MDMs. A, human MDMs from
healthy controls were stimulated with 100 wg/ml MDP or 100 ug/ml MDP with IL-1R signaling blockade (0.5 uwg/ml IL-1Ra and 1 wg/ml anti-IL-18 antibody) for
24 h. Supernatants were assayed for TNF-g, IL-8, IL-6, IL-13, or IL-10. NT, not treated. B, summarized data (n = 12) are represented as the percent TNF-q, IL-8, IL-6,
IL-1, or IL-10 secretion by cells upon IL-1R signaling blockade normalized to cells in the absence of the blockade (represented by the dotted line at 100%) + S.E.
(error bars). IL-1B stimulation is included to ensure efficacy of the IL-1R signaling blockade. Significance compared with cells in the absence of the IL-1R
blockade is shown. 11, p < 1 X 107>, Lines over adjacent bars indicate identical p values for these bars.

MDMs results in minimal activation of MAPK pathways. We
found that Nod2 activation leads to rapid caspase-1-dependent
secretion of IL-1 and subsequent early MAPK activation and
secretion of additional cytokines. Consistent with this, activa-
tion of JNK and p38 was sufficient to partially restore cytokine
secretion by Nod?2 signaling in the absence of the IL-1 loop.
These results establish a dominant role for the IL-18 autocrine
loop in PRR responses and define mechanisms for how this
autocrine loop modifies and amplifies Nod2 signaling.

EXPERIMENTAL PROCEDURES

Patient Recruitment and Genotyping—Informed consent was
obtained per protocol approved by the Yale University institu-
tional review board. We performed Nod2 genotyping by Taq-
Man SNP genotyping (Applied Biosystems, Foster City, CA) or
Sequenom platform (Sequenom Inc., San Diego, CA). Unless
otherwise indicated, we utilized cells from healthy individuals
who were not Nod2Leul007insC homozygote or compound
heterozygote carriers.

Primary MDM Cell Culture—Human MDMs were gener-
ated as described previously (19).

MDM Stimulation—For IL-1 blockade, IL-1R antagonist (IL-
1Ra) (GenScript, Piscataway, NJ) and/or anti-IL-1-blocking anti-
body (R&D Systems, Minneapolis, MN) was added 1 h prior to
treatments with MDP (Bachem, King of Prussia, PA), IL-13 (eBio-
science, San Diego, CA), lipid A (Peptides International, Louisville,
KY), poly(I:C), CpG DNA (Calbiochem), TriDAP, flagellin, or
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CL097 (Invivogen). For inhibition studies, Ac-YVAD-cmk
(Bachem), actinomycin D (Sigma-Aldrich), or dimethyl sulfoxide
control was added 1 h prior to pretreatments. Anisomycin (Calbi-
ochem) was used for JNK and p38 activation. Supernatants were
assayed for IL-1p (Pierce), TNF-«, IL-8, or IL-6 (BD Biosciences),
or for IL-1Ra and IL-10 (R&D Systems) by ELISA.

MAPK Activation—Phosphorylation of MAPKs was deter-
mined by flow cytometry using Alexa Fluor 647-labeled phos-
pho-JNK, phospho-ERK, or phospho-p38 (Cell Signaling, Dan-
vers, MA) along with isotype controls.

mRNA Expression Analysis—Following stimulation, total
RNA was isolated and reverse-transcribed, and quantitative PCR
was performed as in Ref. 2 on the ABI Prism 7000 (Applied Bio-
systems). Each sample was run in duplicate and normalized to
GAPDH. Primer sequences were as follows: IL-13 forward primer,
ACAGATGAAGTGCTCCTTCCA; IL-1p3 reverse primer, GTC-
GGAGATTCGTAGCTGGAT; IL-8 forward primer, ATGACT-
TCCAAGCTGGCCGTGGCT; IL-8 reverse primer, ATGACTT-
CCAAGCTGGCCGTGGCT; TNF-« forward primer, CTA-
CTCCCCAGGTCCTCTTCA; TNF-« reverse primer, CAAAG-
TAGACCTGCCCAGAC; GAPDH forward primer, CATGTTC-
CAATATGATTCCACC; GAPDH reverse primer, CCTG-
GAAGATGGTGATGG.

Statistical Analysis—Significance with treatment was
assessed using a paired one-tailed Student ¢ test. p < 0.05 was
considered significant.
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FIGURE 2. The IL-1$ autocrine loop regulates cytokine mRNA upon
MDP stimulation of MDMs. Human MDMs from healthy controls (n = 12)
were stimulated with 100 wg/ml MDP, 10 ng/ml IL-13, or 100 wg/ml MDP
with 0.5 wg/mlIL-1Ra and 1 ug/ml anti-IL-18 antibody for 4 h. TNF-q, IL-8,
and IL-18 mRNA expression were assessed by real-time PCR. Data are rep-
resented as the -fold induction of cytokine mRNA compared with
untreated cells (represented by the dotted line at 1) + S.E. (error bars). **,
p<001;t,p<1X10*

RESULTS

Blockade of the IL-1B Autocrine Loop Profoundly Inhibits
Pro- and Antiinflammatory Cytokine Induction Mediated by
Nod2—We first sought to define the magnitude of the IL-13
autocrine loop contribution to Nod2-induced cytokines in pri-
mary human MDMs from healthy controls. We found that
blockade of IL-1P signaling with IL-1Ra and anti-IL-18 upon
MDP stimulation of Nod2 results in a dramatic loss of proin-
flammatory cytokine secretion in human MDMs from healthy
individuals (Fig. 1), such that cytokine secretion is ~10% of the
levels observed in the presence of the IL-18 autocrine loop.
Antiinflammatory cytokines can be regulated differently
than proinflammatory cytokines (26, 27). Therefore, we
investigated secretion of IL-10 and found that the IL-1f3
autocrine loop also significantly contributes to induction of
IL-10 upon MDP treatment of MDM (Fig. 1). In contrast to
cells from Nod2 WT healthy controls and Nod2 WT CD
patients, MDP stimulation of MDMs from CD-associated
homozygote or compound heterozygote Nod2Leul007insC
carriers does not induce cytokines, including IL-18 (supple-
mental Fig. 1), indicating that the Nod2-initiated IL-13 auto-
crine loop does not operate in these individuals. Responses
to TLR4 stimulation (lipid A) are intact in these cells (sup-
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FIGURE 3. The IL-1 autocrine loop contributes to the majority of MAPK
activation upon MDP treatment of MDMs. Human MDMs from healthy
controls (n = 19-23) were stimulated with 100 wg/mI MDP, 10 ng/ml IL-18, or
100 pg/ml MDP with 0.5 ug/mlIL-1Raand 1 ug/ml anti-IL-13 antibody for 10
min and analyzed by flow cytometry for the expression of phospho-JNK,
phospho-ERK, or phospho-p38. A, shown are representative flow cytometry
plots with mean fluorescence intensity values indicated. Stimulated cells
stained with isotype controls are shown. B, summarized data are represented
as the -fold phospho-MAPK induction normalized to untreated cells + S.E.
(error bars). t1,p < 1 X 10~ >, p-, phospho-.

plemental Fig. 1), demonstrating a specific defect to Nod2
stimulation. To determine whether the IL-1 autocrine loop
contributes uniquely to Nod2 signaling in MDM or also par-
ticipates in Nod2-induced cytokine secretion in other cell
types, we examined human epithelial cell lines. We found
that the concentration of cytokines secreted from these cells
is less than from primary human macrophages. Nevertheless,
human epithelial hepatoma HepG2 cells show a significant
decrease in IL-8 production upon IL-1R blockade, although not
to the same degree as in primary MDMs. This effect is not seen
in intestinal epithelial Caco-2 cells (supplemental Fig. 2). Our
results highlight the profound contribution of the IL-13 auto-
crine loop to overall MDP-induced pro- and antiinflammatory
cytokine secretion in human MDMs.

IL-1B Autocrine Loop Augments MDP-induced Cytokine
Secretion by Regulating Cytokine mRNA—To address the
mechanism through which the IL-18 autocrine loop contrib-
utes to MDP-mediated cytokine secretion, we first asked
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FIGURE 4. Decreased MAPK activation upon Nod2 signaling in the absence of the IL-1 autocrine loop persists over time. Human MDMs from healthy
controls (n = 6-8) were stimulated with 100 wg/ml MDP, 10 ng/ml IL-1p3, or 100 wg/ml MDP with 0.5 ug/ml IL-1Ra and 1 ug/ml anti-IL-1 antibody for 10, 30,
or 60 min and analyzed by flow cytometry for the expression of phospho-JNK, phospho-ERK, or phospho-p38. A, shown are representative flow cytometry plots
with the indicated mean fluorescence intensity values. Stimulated cells stained with isotype controls are shown. B, summarized data are represented as the
-fold phospho-MAPK induction normalized to untreated cells + S.E. (error bars). *, p < 0.05; **, p < 0.01; **¥*, p < 0.001. p-, phospho-.

whether the loop functions upstream of protein induction by levels following MDM stimulation with MDP (Fig. 2), indicat-
enhancing mRNA cytokine expression. We found that IL-1R  ing that the IL-1f autocrine loop contributes to Nod2-medi-
blockade significantly reduces TNF-«, IL-8, and IL-13 mRNA  ated cytokine induction at the mRNA level.
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FIGURE 5. MDP-initiated caspase-1 activation is required for early MAPK activation. Human MDM:s from healthy controls (n = 4) were stimulated with 100
ug/mlMDP, 10 ng/ml IL-1, or 100 wg/ml MDP for 10 min after pretreatment with 20 um Ac-YVAD-cmk (to inhibit caspase-1) (A and B) or 100 wg/ml MDP or 100
ng/ml MDP for 10 min after pretreatment with 10 ng/ml actinomycin D (C and D) and analyzed by flow cytometry for the expression of phospho-JNK,
phospho-ERK or phospho-p38. Stimulation of cells with 100 ug/ml MDP in the presence of 0.5 ng/ml IL-1Raand 1 ng/ml anti-IL-1p antibody served as a control
for IL-1R signaling block. A and C, shown are representative flow cytometry plots with mean fluorescence intensity values indicated. Stimulated cells stained
with isotype controls are shown. B and D, summarized data are represented as the -fold phospho-MAPK induction normalized to untreated cells + S.E. (error
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IL-1B Autocrine Loop Plays a Dominant Role in MDP-initi-
ated MAPK Activation—MDP treatment of human and mouse
myeloid-derived cells activates the MAPK pathway (4, 22,
28-30), and MAPKs are critical for cytokine induction (31).
Given the dramatic role for the IL-18 autocrine loop in MDP-
induced cytokine secretion, we questioned whether the MAPK
activation observed upon MDP treatment is directly initiated
by Nod2 or is caused by the IL-1f3 autocrine loop. We assessed
the phosphorylation of JNK, ERK, and p38 in the context of
Nod2, IL-1R, or IL-1R-independent Nod2 signaling (Nod?2 sig-
naling in the absence of the IL-18 autocrine loop). Based on
prior reports (22) and our time course experiments (see Fig. 4),
we chose 10 min as the optimal time point of MAPK activation
upon MDP stimulation. We found that JNK, ERK, and p38 are
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activated upon MDP and IL-1f stimulation of MDMs, whereas
IL-1R signaling blockade upon MDP stimulation dramatically
reduced the activation of these MAPKs (Fig. 3). The attenuated
MAPK activation upon blocking the IL-18 autocrine loop per-
sists over a prolonged period of time, such that the decrease is
not merely one of kinetics (Fig. 4). Taken together, MDP-in-
duced MAPK activation in MDMs is due to MAPK activation
mediated by the IL-1f3 autocrine loop, rather than directly by
Nod2.

MDP Treatment of MDMs Induces Rapid Caspase-1-depen-
dent Activation of MAPK Pathways—We observed the auto-
crine IL-1p effects on MDP-mediated MAPK induction within
the first 10 min of MDP treatment (Fig. 3), prior to when IL-1f3
transcription, translation, and secretion would be expected to
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FIGURE 6. MDP treatment of MDMs leads to early IL-1 secretion. Human
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sented as the cytokine concentrations in supernatants at the indicated time
points + S.E. (error bars). Significance compared with no treatment is shown.
* p < 0.05; %, p < 001; % p <0001;t,p<1X10%+,p<1x107%
Multiplication factors for IL-8 and IL-6 protein concentration are indicated in
the inset box.

occur. On the other hand, processing and secretion of pre-
formed pro-IL-18 can occur by 5 min in mouse macrophages
(32). Therefore, and in view of prior reports demonstrating
Nod2 activation of caspase-1 (13, 33—35), our results indicate
that Nod2 stimulation may be activating caspase-1, leading to
the rapid processing of preformed pro-IL-18, which in turn
mediates early MAPK activation. To address this, we inhibited
caspase-1 and observed significantly attenuated MAPK activa-
tion within the first 10 min following MDP treatment (Fig. 5, A
and B), similar to what we observed on blocking the interaction
of IL-1B with its receptor (Fig. 3). To verify further that the early
IL-1B-dependent activation of MAPKs upon MDP stimulation
was due to preexisting IL-1f3 stores, we stimulated macro-
phages with MDP while inhibiting transcription. Under these
conditions, we still observed intact activation of JNK, ERK, and
p38 10 min after MDP stimulation of MDMs (Fig. 5, C and D).
Therefore, MDP-induced processing and secretion of existing
stores of pro-IL-1 by caspase-1 are critical for early contribu-
tions of the IL-1B autocrine loop to MAPK activation upon
Nod?2 stimulation.

MDP Stimulation of MDMs Induces Early IL-183 Secretion—
In light of the critical role for IL-183 in MDP-induced MAPK
activation and downstream cytokine secretion, we sought to
verify that IL-13 was secreted prior to other cytokines. Surpris-
ingly, after MDP treatment, IL-1 was not detected at earlier
time points in supernatants relative to TNF-«, IL-8, or IL-6
(Fig. 6A). Because IL-18 protein levels in supernatants reflect a
combination of secretion and consumption of IL-1p, it is pos-
sible that IL-1f3 is secreted earlier through release of existing

JULY 29,2011 +VOLUME 286+NUMBER 30

stores of pro-IL-18 but that we are unable to detect it due to its
rapid consumption. To prevent this consumption, we mea-
sured IL-18 secretion 10 min after MDP stimulation in the
presence of IL-1R blockade and detected IL-1f3 secretion prior
to other cytokines (Fig. 6B). Given our findings, one would
expect that MDP stimulation would require more time to acti-
vate MAPKs than would direct IL-18 stimulation because MDP
needs to activate Nod2, then caspase-1 and then process and
secrete IL-1B3. We found that this is, in fact, the case, because
IL-1B stimulation leads to increased MAPK activation relative
to that of MDP stimulation at an earlier 5-min time point (Fig.
7). This is consistent with the time delay required for IL-1f3
release upon MDP treatment of MDMs. Taken together, MDP
treatment leads to rapid caspase-dependent processing of pre-
formed pro-IL-18 which results in IL-18 secretion prior to
other cytokines, IL-1$ autocrine signaling, and induction of
cytokine expression.

Selective INK and p38 Activation Significantly Improves Sub-
optimal Cytokine Induction by Nod?2 Signaling in the Absence of
the IL-1B Autocrine Loop—The dramatic decrease in Nod2-
mediated MAPK activation in the absence of the IL-13 auto-
crine loop parallels the significant decrease in cytokine induc-
tion upon IL-1R signaling blockade during Nod2 stimulation.
Therefore, we asked whether selective activation of MAPKs
during Nod2 stimulation in the absence of the IL-18 loop is
sufficient to restore cytokine induction. For these studies we
utilized anisomycin, which selectively activates JNK and p38
(36). We first confirmed that the low level of JNK and p38 phos-
phorylation upon MDP signaling in the absence of the IL-1f3
loop was partially restored with anisomycin treatment (Fig. 84).
Importantly, we found that anisomycin treatment of MDP-
stimulated MDMs during blockade of the IL-18 loop signifi-
cantly rescues the decreased cytokine secretion (Fig. 8B).
IL-1R-independent Nod2 signaling (MDP signaling in the
absence of the IL-1 autocrine loop) led to cytokine secretion at
11% of the concentrations observed relative to that of MDP-
stimulated cells; the addition of anisomycin to IL-1R-indepen-
dent Nod2 signaling increased cytokines to 47% of that of MDP-
stimulated cells (Fig. 8B). We verified these results with UV
light, which, like anisomycin, activates J]NK and p38 (37, 38) but
on its own does not induce cytokine production in primary
MDMs (supplemental Fig. 3). Accordingly, we observed similar
rescue of decreased cytokine secretion with MDP stimulation
in the absence of the IL-1p autocrine loop upon UV light acti-
vation of MDMs (supplemental Fig. 3). Taken together, selec-
tive activation of p38 and JNK upon Nod2 signaling in the
absence of the IL-1f8 autocrine loop is sufficient to increase
cytokine secretion significantly.

IL-1R Autocrine Signaling Contributes to Cytokine Induction
by a Broad Range of PRRs—As MDMs encounter bacteria,
Nod2 is stimulated in the context of multiple PRRs. IL-1R auto-
crine signaling has not been investigated downstream of other
PRRs, with the exception of TLR4 (5-7) and TLR9 (5, 6, 8, 9), to
our knowledge. Given the dramatic contribution of autocrine
IL-1 to Nod2 responses, we examined whether the loop con-
tributes to cytokine secretion by multiple PRR. We found that
IL-1R signaling blockade dramatically decreases TNF-a, IL-8,
IL-6 and IL-18 secretion upon stimulation of Nodl, TLR2,
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FIGURE 7.1L-1 stimulation of MDMs demonstrates earlier MAPK activation compared with MDP stimulation. Human MDMs from healthy controls (n =
6-8) were stimulated with 100 wg/ml MDP or 10 ng/ml IL-13 for 5 and 10 min and analyzed by flow cytometry for the expression of phospho-JNK, phospho-
ERK, or phospho-p38. A, shown are representative flow cytometry plots with indicated mean fluorescence intensity values. Stimulated cells stained with
isotype controls are shown. B, summarized data are represented as the -fold phospho-MAPK induction normalized to untreated cells + S.E. (error bars). *, p <

0.05; **, p < 0.01. p-, phospho-.

TLR3, TLR4, TLR5, TLR7, or TLR9 in MDMs from healthy
controls (Fig. 9). Taken together, we established that IL-1R
autocrine signaling is critical for cytokine responses through a
broad range of PRR, indicating its major importance to innate
immunity.
DISCUSSION

In this study, we found that the IL-18 autocrine loop
accounts for a dominant component of MDP-initiated pro- and
antiinflammatory cytokine secretion. Although a role for IL-13
autocrine signaling in Nod2 cytokine induction has been

26446 JOURNAL OF BIOLOGICAL CHEMISTRY

reported in some (10 —12), but not all studies (12, 13), the mech-
anisms of this contribution are not known. We found that, in
fact, Nod2 stimulation leads to minimal MAPK activation in
MDMs and that IL-1 autocrine secretion accounts for most of
the MAPK activation observed upon MDP treatment. Thus,
Nod2 and IL-18 have distinct roles following MDP stimulation
in MDMs: Nod2 initiates caspase-1-dependent processing of
preexisting pro-IL-18 stores, and this early secreted IL-13 feeds
back in an autocrine fashion to activate MAPK pathways and
induce cytokine secretion (Fig. 10). Selective activation of JNK
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FIGURE 8. Selective activation of JNK and p38 rescues the decreased cytokine secretion observed during Nod2 signaling in the absence of the IL-13
autocrine loop. A and B, human MDM:s from healthy controls (n = 12) were stimulated with 100 pg/ml MDP or 100 pg/ml MDP with 0.5 pg/ml IL-1Ra and 1
ng/ml anti-IL-18 antibody in the presence or absence of 50 ng/ml anisomycin. A, shown are representative flow cytometry plots with indicated mean
fluorescence intensity values. B, data are represented as the -fold MAPK activation normalized to untreated cells + S.E. (error bars). **, p < 0.01. C,human MDMs
from healthy controls (n = 12) were stimulated with the indicated MDP doses in the presence or absence of 50 ng/ml anisomycin. Data are represented as
cytokine concentrations in supernatant normalized to the MDP stimulation of cells without the IL-1R block (represented by the dotted line at 100%) + S.E. ***,
p < 0.001. Lines over adjacent bars indicate identical p values for these bars.
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FIGURE 9. IL-1R autocrine signaling significantly enhances cytokine
secretion upon stimulation of MDM by multiple PRR. Human MDM from
healthy controls (n = 12-16) were stimulated with 100 wg/ml TriDAP (Nod1
ligand), 10 wg/ml PamCys (TLR2 ligand), 100 ug/ml poly(l:C) (TLR3 ligand),
0.1 ng/ml lipid A (TLR4 ligand), 5 ng/ml flagellin (TLR5 ligand), 1 ng/ml CL0O97
(TLR?7 ligand), or 10 ug/ml CpG DNA (TLR9 ligand) with or without 0.5 pwg/ml
IL-1Ra for 24 h. IL-1 stimulation was included to ensure efficacy of the IL-1R
signaling blockade. Summarized data are represented as the percent TNF-c,
IL-8, IL-6, or IL-1 B secretion by cells upon IL-1R signaling blockade normalized
to cells in the absence of the blockade (represented by the dotted line at
100%) + S.E. (error bars). Significance compared with cells in the absence of
the IL-1R blockade is shown. t1, p < 1 X 107>, Lines over adjacent bars indi-
cate identical p values for these bars.
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FIGURE 10. Model for the role of autocrine IL-18 in MAPK and cytokine
induction upon Nod2 stimulation in primary MDMs. MDP stimulation of
Nod?2 activates caspase-1 to process pro-IL-13 stores that rapidly feed back in
an autocrine fashion to stimulate the IL-1R and substantially increase MAPK
phosphorylation. This increased MAPK activation significantly enhances
secretion of both anti- and proinflammatory cytokines.

and p38 under conditions of Nod2 signaling in the absence of
the IL-1p autocrine loop is sufficient to increase pro- and anti-
inflammatory cytokine secretion significantly, thereby indicat-
ing that a major mechanism of the IL-18 autocrine loop contri-
bution to Nod2-induced cytokines is by enhancing the strength
of MAPK signaling. We determined that IL-1R autocrine sig-
naling is critical in not only Nod2, but also Nod1 and TLR2-, 3-,
4-,5-,7-,and 9-mediated cytokine secretion, indicating a broad
role for IL-1R autocrine signaling in optimal responses upon
various microbial infections.

To understand the mechanisms through which PRRs medi-
ate responses, it is important to dissect which pathways are
initiated directly by PRRs and which might be through indirect
contributions, such as autocrine loops. Many autocrine loops
have been associated with a second, delayed phase of signaling
and activation, which is usually less potent than the initial acti-
vation peak. For example, TNF-a stimulation of human epithe-
lial cells initiates an autocrine IL-1a loop leading to a 4—24-h

26448 JOURNAL OF BIOLOGICAL CHEMISTRY

delay of NF-kB activation (39). However, the MDP-induced
IL-1 autocrine loop observed in our study acts within a very
short time period and is the dominant contributor to MDP-
mediated MAPK activation. This rapid IL-18 processing is due
to Nod2-mediated caspase-1 activation; direct association of
Nod2 and caspase-1 has been reported in human THP-1 cells
(33). In addition to caspase-1 (13), Nod2 also requires NALP3
and Rip2 to induce IL-18 properly (40). The rapid induction of
autocrine loops, such as that of IL-1f3, can provide for signifi-
cant early signaling following stimulation of a particular recep-
tor, thereby masking direct effects of the receptor. Given this,
the differences in autocrine loops produced in distinct cell types
might account for some of the differences in signaling out-
comes following receptor stimulation between cell populations.
For example, the contribution of the IL-1 autocrine loop to
MDP-mediated cytokine induction was modest in epithelial
HepG2 cells and absent in epithelial CaCo-2 cells (supplemen-
tal Fig. 2); therefore this loop plays a particularly important role
in modulating Nod2 signaling in primary MDMs.

The dramatic contribution of the IL-1 autocrine loop to
PRRs and particularly Nod2 responses (10, 12, 19) is notable
given the association of loss-of-function Nod2 polymorphisms
and loss-of-function NLRP3 polymorphisms with CD (15).
Interestingly, impaired IL-1R signaling can lead to increased
disease severity in CD patients (17) and to worsening of dextran
sulfate sodium and Citrobacter rodentium-induced mouse coli-
tis (9, 16). This contrasts with the simple interpretation that
IL-1R signaling is associated with inflammatory disease. Simi-
larly, deficiencies in MyD88 (41) and TLR5 (42) signaling in
mice are associated with an increased risk of intestinal inflam-
mation, indicating a complexity in the regulation of intestinal
immune homeostasis by PRR-initiated pathways. The dramatic
decrease in cytokine induction by the CD-associated protein
Nod2 (Fig. 1) and by other PRRs (Fig. 9) in the absence of IL-1R
autocrine signaling indicates that dysregulation in IL-1R signal-
ing could have deleterious effects for proper regulation of PRR
signaling in the context of the intestinal environment. Because
blockade of IL-18 and IL-1R is being used as a therapeutic inter-
vention for an increasing number of inflammatory disorders
(43), one needs to consider the implications and potential
adverse consequences of this blockade on a wide array of
PRR responses. Our results identify mechanisms through
which IL-1R autocrine signaling contributes to cytokine
responses by Nod2 in primary human MDMs and provide
insight into how these interactions ultimately contribute to
intestinal immune homeostasis.
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