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The Journal of Immunology

Intestinal CCL11 and Eosinophilic Inflammation Is Regulated
by Myeloid Cell-Specific RelA/p6S in Mice

Amanda Waddell,* Richard Ahrens,* Yi-Ting Tsai,* Joseph D. Sherrill,* Lee A. Denson,Jr
Kris A. Steinbrecher,” and Simon P. Hogan*

In inflammatory bowel diseases (IBDs), particularly ulcerative colitis, intestinal macrophages (M®s), eosinophils, and the
eosinophil-selective chemokine CCL11, have been associated with disease pathogenesis. M®s, a source of CCL11, have been
reported to be of a mixed classical (NF-kB-mediated) and alternatively activated (STAT-6—mediated) phenotype. The importance
of NF-kB and STAT-6 pathways to the intestinal M®/CCL11 response and eosinophilic inflammation in the histopathology of
experimental colitis is not yet understood. Our gene array analyses demonstrated elevated STAT-6— and NF-kB-dependent genes
in pediatric ulcerative colitis colonic biopsies. Dextran sodium sulfate (DSS) exposure induced STAT-6 and NF-kB activation in
mouse intestinal F4/80*CD11b*Ly6C" (inflammatory) M®s. DSS-induced CCL11 expression, eosinophilic inflammation, and
histopathology were attenuated in RelA/p65°™ mice, but not in the absence of STAT-6. Deletion of p65 in myeloid cells did not
affect inflammatory M® recruitment or alter apoptosis, but did attenuate LPS-induced cytokine production (IL-6) and Ccl11
expression in purified F4/80*CD11b*Ly6C™ inflammatory Md®s. Molecular and cellular analyses revealed a link between expres-
sion of calprotectin (S100a8/5S100a9), Ccll1 expression, and eosinophil numbers in the DSS-treated colon. In vitro studies of bone
marrow—derived M®s showed calprotectin-induced CCL11 production via a p65-dependent mechanism. Our results indicate that
myeloid cell-specific NF-kB-dependent pathways play an unexpected role in CCL11 expression and maintenance of eosinophilic
inflammation in experimental colitis. These data indicate that targeting myeloid cells and NF-kB-dependent pathways may be of
therapeutic benefit for the treatment of eosinophilic inflammation and histopathology in IBD. The Journal of Immunology, 2013,

190: 4773-4785.

remitting diseases of the gastrointestinal (GI) tract. Although

the precise causes of IBD (ulcerative colitis [UC] and Crohn’s
disease) remain unclear, experimental and clinical studies indicate
that activation of innate immune pathways trigger macrophage
(M®) and dendritic cell activation, and subsequent cytokine pro-
duction (IL-1B, IL-6, and TNF-a), driving IL-23/Th17 develop-
ment and granulocyte (neutrophils and eosinophils) recruitment
and activation leading to pathophysiological features of disease
(1, 2). Monocytes/M®s are elevated in colonic biopsy samples
from patients with IBD, and these cells produce large amounts
of proinflammatory cytokines (IL-6, TNF-«, and IL-23), as well

I nflammatory bowel diseases (IBDs) are chronic, relapsing,
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as various chemokines, and retain respiratory burst activity (3-5).
Corroborative experimental studies using chemical (dextran sodium
sulfate [DSS]) and spontaneous models of IBD (IL-107/ 7) have
identified a role for M®s in augmentation and exacerbation of the
intestinal inflammatory responses and pathogenesis in IBD (6-8).

Clinical and experimental evidence indicates a pathogenic role
for eosinophils in both chemical (DSS) and spontaneous murine
models (SAMP1/Yit and 1/10~'7) of colitis and in human IBD
(9-12). Recent studies have reported that inflammatory M®s ex-
press the eosinophil-specific chemokine CCL11 and have impli-
cated this pathway in the regulation of eosinophilic inflammation
in experimental colitis (13). Moreover, intestinal CD68* M®s in
colonic biopsy samples from pediatric patients wtih UC are pos-
itive for CCL11, and CCLI1 mRNA levels positively correlate
with eosinophil numbers (9). The molecular regulation of CCL11
expression in M®s is not yet fully understood; however, in vivo
evidence from parasite infestation and rhinovirus models sug-
gests that M®-driven eosinophilic inflammation is associated with
an alternative M® activation phenotype (M2) and requires STAT-6
activation (14, 15). Consistent with this, CCL11 expression can be
induced by IL-4 and IL-13; however, in vitro evidence in various
cell lines indicates that cytokines including TNF-a, IL-9, and
IL-17 can also stimulate CCL11 expression through activation of
STAT-6-independent pathways including NF-«kB, STAT-3, or
MAPK-mediated signaling (16-19).

In this study, we demonstrate STAT-6 and NF-kB activation in
colonic F4/80"CD11b"Ly6C™ monocyte/M®s during DSS-induced
colitis. We show that DSS-induced F4/80*CD11b*Ly6C™" mono-
cyte/M® recruitment, CCL11 expression, and eosinophilic inflam-
mation can occur in the absence of STAT-6. In contrast, loss of
RelA/p65 in the myeloid lineage leads to decreased DSS-induced
CCL11 secretion, eosinophil recruitment, IL-6 secretion, and
histopathology. Purification of F4/80*CD11b*Ly6C™ RelA/p65-
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deficient monocyte/M®s from the colon of mice exposed to DSS
revealed significantly reduced Ccll1 expression. In vitro stud-
ies identify S100a8/S100a9-induced bone marrow—derived M®
(BMDM)—derived CCL11 production via a p65-dependent mecha-
nism. These studies demonstrate that M®-driven eosinophilic in-
flammation in experimental colitis is regulated by CCL11 and NF-
kB—dependent pathways.

Materials and Methods
Mice

Male and female 6- to 8-wk-old strain-, age-, and weight-matched lysozyme
M (LysM)“™*™RelA/p657T (RelA/p65-™°, C57BL/6/129/SvEv) and
LysM™"™Rel A/p65*'* (wild-type [WT] line for RelA/p65°™° mice) and
STAT-6 '~ (C57BL/6) (20) and WT C57BL/6 mice were used. All mice
were housed under specific pathogen-free conditions and treated according
to institutional guidelines.

DSS-induced colonic injury and histopathologic examination

DSS (MP Biomedicals, Santa Ana, CA, 40-45 kDa) was administered in
the drinking water as a 2.5% (w/v) solution for up to 7 d. Disease moni-
toring and histopathologic changes in the colon were scored as previously
described (9).

Western blot

BMDMs, spleen, or colonic epithelial lysates were run on 4—-12% Bis-Tris
gels and transferred to a nitrocellulose membrane (Invitrogen, Carlsbad,
CA). The following Abs were used: rabbit anti—inhibitor of kB (IkB)
kinase (anti-IKK-a), IkB-3, c-Rel, p105/p50 (Santa Cruz, Santa Cruz, CA),
phosphoserine 536 RelA/p65, IkB-a (Cell Signaling, Danvers, MA), and
total RelA/p65 (Rockland Immunochemicals, Gilbertsville, PA) followed
by goat anti-rabbit peroxidase-conjugated Ab (Calbiochem, Darmstadt,
Germany) and ECL-plus detection reagents (GE Healthcare, Buckinghamshire,
U.K.). Rabbit anti-actin (Sigma, St. Louis, MO) was used as an internal
loading control.

M® activation. BMDMs were obtained as described previously (21). The
cells (1 X 10° were seeded onto 24-well plates and cultured overnight
(37°C, 5% CO,). The next day, cells were treated with LPS (1 pg/ml P.
gingivalis; Invivogen, San Diego, CA), IL-4 (20 ng/ml), IFN-y (1000 U/
ml; PeproTech, Rocky Hill, NJ) for 24 h, and BMDMs and supernatants
were assessed for active cleaved caspase-3 or cytokine production by
ELISA. In some experiments, WT and RelA/p65°™° BMDMs were stimu-
lated with calprotectin (0.5 pg/ml; S100a8/S100a9 complex; Abcam, Cam-
bridge, MA) for 24 h, and CCL11 levels were measured in the supernatants
as described.

ELISA

CCL11, IL-6, IL-1B, and TNF-a levels were measured in the supernatants
or lysates using the ELISA Duo-Set kit according to the manufacturer’s
instructions (R&D Systems, Minneapolis, MN). IL-12p40 was measured in
the supernatants using the ELISA BD OptEIA kit according to the man-
ufacturer’s instructions (BD Biosciences, San Diego, CA).

Major basic protein staining

Eosinophil levels were quantified by anti-major basic protein (MBP) im-
munohistochemistry as previously described (22), and numbers are given
as eosinophils per high-power field (HPF).

Punch biopsies

Colons were excised, flushed with PBS with gentamicin (20 pg/ml), and
opened along a longitudinal axis. Thereafter, 3-mm?® punch biopsies were
excised and incubated for 24 h in 24-well plates with RPMI 1640 sup-
plemented with 10% FCS and antibiotics. Supernatants were collected and
kept at —80°C until assessed for cytokines/chemokines by ELISA.

Real-time RT-PCR analysis

Mouse Hprt, RelA/p65, Cclll, Retnla, Argl, Cxcl2, Cxcl3, Cxcl10, Cxcl9,
1l1b, Ccl22, Tnf, 116, Nfkbia, Gapdh, and 1110 mRNA were quantified by
quantitative real-time RT-PCR (qRT-PCR) as previously described (23). In
brief, the RNA samples were subjected to reverse transcription analysis using
SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions and quantified using the iQ5 multicolor
real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA)

MYELOID RelA/p65 REGULATES COLONIC EOSINOPHILIA

with 1Q5 software V2.0 and LightCycler FastStart DNA Master SYBR
Green 1. Gene expression was determined as relative expression on a linear
curve based on a gel-extracted standard and was normalized to Hprt
amplified from the same cDNA mix. Results were expressed as the gene
of interest/Hprt ratio. Nfkbia expression was normalized to Gapdh and
expressed as AACt.

Intestinal M® purification

M® populations from the colons were isolated as previously described (9).
In brief, the colon segment of the GI tract was removed and flushed with
20 ml Ca**- and Mg**-free HBSS. The colon was cut longitudinally,
placed in Ca**- and Mg>*-free HBSS containing 10% FBS/5 mM EDTA/
25 mM HEPES, and shaken vigorously at 37°C for 30 min. The tissue was
cut into 1-cm segments and incubated in digestion buffer containing
2.4 mg/ml collagenase A (Roche Diagnostics, Indianapolis, IN) and
0.2 mg/ml DNase I (Roche Diagnostics) in RPMI 1640 for 45 min on a
shaker at 37°C. After incubation, the cell aggregates were dissociated by
filtering thorough a 19-gauge needle and 70-pm filter, and centrifuged at
1200 rpm for 20 min at 4°C. The supernatant was decanted and the cell
pellet resuspended in 1% FBS/5 mM EDTA/PBS, and cells were incubated
for 30 min with biotinylated rat anti-mouse CD11b (1 pg/l1 X 10° cells;
BD Pharmingen, San Jose, CA) at 4°C. Cells were subsequently incubated
with anti-biotin microbeads (Miltenyi, Auburn, CA) for 15 min at 10°C
and purified by LS MACS column by positive selection as described by the
manufacturer. In brief, 1 ml cell suspension was added to the LS column,
and the column was washed three times with 3 ml of 1% FBS/5 mM
EDTA/PBS. CD11b* cells were removed from the column using a plunger.
After washing, CD11b"-selected cells were labeled with rat anti-mouse
Ly6C-Alexa-647 (AbD Serotec, Raleigh, NC) and Streptavidin-PerCp
(BD Pharmingen), and immediately sorted for CD11b and Ly6C using
a FACSAria cell sorter (BD Biosciences, San Jose, CA). Purity of CD1 1b*
Ly6CM cells was >95% as assessed by flow cytometry. RNA was isolated
using the Qiagen RNeasy micro kit for cDNA synthesis and qRT-PCR
analysis as described earlier.

FACS analysis

Single-cell suspensions were washed with FACS buffer (PBS/1% FBS) and
incubated with combinations of the following Abs: PE anti-mouse F4/80 (clone
CI:A3-1; Serotec, Raleigh, NC), PE-Cy7 anti-mouse CD11b (clone M1/
70; BD Pharmingen), and AlexaFluor-647 anti-mouse Ly6C (clone ER-
MP20; AbD Serotec, Raleigh, NC). For phosphoflow staining, cells were
fixed with 2% formaldehyde/PBS for 10 min, permeabilized for 15 min
with ice-cold methanol, and stained for 30 min at room temperature with
AlexaFluor-647 anti-mouse p-RelA/p65 (polyclonal; Cell Signaling) or
AlexaFluor-488 anti-mouse p-STAT-6 (polyclonal; Cell Signaling). For
apoptosis analysis, cells were fixed and permeabilized using the BD cytofix/
cytoperm kit followed by staining with the AlexaFluor-647 rabbit anti-
active caspase-3 Ab (clone C92-605; BD Pharmingen). The following
Abs were used as appropriate isotype controls: FITC rat IgG2a (clone
B39-4; BD Pharmingen), PE rat IgG2a (clone 53-6.7; BD Pharmingen),
PE-Cy7 rat IgG2b (clone DTA-1; BD Pharmingen), and AlexaFluor 647 rat
IgG2a (clone R35-95; BD Pharmingen). Cells were analyzed on FACS-
Calibur (BD Immunocytometry Systems, San Jose, CA), and analysis was
performed using FlowJo software (Tree Star, Ashland, OR).

Microarray analysis

STAT-6- and NF-kB-regulated gene profiles were generated from colonic
biopsy samples from pediatric UC and healthy patients as reported by
Ahrens et al. (9). Gene expression profiles from DSS-treated mice (day 6:
n =06, day 0: n =5) as reported by Fang et al. (24) were downloaded from
the National Center for Biotechnology Information Gene Expression Omni-
bus database (accession no. GSE22307; http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE22307) and analyzed using GeneSpring GX software
(version 11.5.1; Agilent Technologies). Data were baseline transformed to
the median of all samples and compared against the DSS day O treatment
group. Statistical analyses were performed using an unpaired ¢ test and
Benjamini—Hochberg false discovery rate. Genes showing significant dif-
ferential expression (p < 0.05) with >2-fold change were assessed for
correlation with Cclll expression (Pearson r > 0.075), and hierarchical
clustering was performed. Normalized log2-transformed expression levels
of Ear5, S100a8, and S100a9 from individual mice were plotted against
Cclll levels.

Statistical analysis

Data were analyzed by means of ANOVA, followed by the Tukey’s or
Dunnett’s post hoc test or a two-tailed unpaired # test with GraphPad Prism
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5 (San Diego, CA). Data are presented as the mean * SE. The p values
<0.05 were considered statistically significant.

Results
STAT-6— and NF-kB—induced genes are elevated in UC
patients compared with normal patients

Recently, we demonstrated a relationship between intestinal CD68*
M®-derived CCL11 and eosinophilic inflammation in pediatric
UC patients (9). CCL11 expression is directly regulated by STAT-
6— and NF-kB—mediated signaling through interactions with over-
lapping consensus DNA response elements within the CCL11
promoter (25, 26). To begin to distinguish the involvement of
STAT-6— and NF-kB-mediated signaling in intestinal M®-derived
CCL11 expression and eosinophilic inflammation, we examined
for evidence of NF-kB— and STAT-6—dependent gene expression in
a pediatric UC transcriptome generated from gene array analyses
of colonic biopsy samples from pediatric UC and healthy patients
(9). Analysis of the pediatric UC transcriptome revealed increased
expression of STAT-6-regulated genes, including ILI/3RA2 (16-
fold), SELP, SELE, CD40, COLIAI, and COLIA2 (Table I). The
promoter regions of all these genes possess STAT-6 binding sites
(27). STAT-6-dependent pathways are also involved in the in-
duction of the alternatively activated M® phenotype (28), and we
also observed increased expression of genes associated with alter-
native M® activation including SERPINEI, CCLI8, and SOCSI
(Table I). NF-kB-regulated genes were also significantly elevated in
pediatric UC, including CXCLS5, IL8, CXCL2, and CXCL3, which
are all increased over 10-fold compared with healthy patients (Table
II). These data demonstrate increased levels of both STAT-6— and
NF-kB-regulated genes in pediatric UC.

CCLI1 expression in IL-4—stimulated BMDMs is
STAT-6—dependent

Previous in vitro and in vivo studies indicate a role for IL-4 in M®-
derived STAT-6 activation and in the regulation of pulmonary
eosinophilic inflammation (15). To begin to determine the re-
quirement for IL-4-STAT-6 axis in CCL11 expression in M®s, we
examined CCL11 expression in IL-4—stimulated BMDMs gener-
ated in vitro. IL-4 stimulation of BMDMs induced STAT-6 acti-
vation (Supplemental Fig. 1A, 1B). STAT-6 activation was associated
with increased Cc//] mRNA expression and significant CCL11
protein release (Supplemental Fig. 1D, 1E). Notably, IL-4 stimu-
lation of M® induced alternative M® activation as demonstrated
by increased expression of Chi3l3, Argl, and Retnla (Supple-
mental Fig. 1C). The alternatively activated M® phenotype and
Cclll expression were dependent on STAT-6, as indicated by the
loss of Cclll and Argl expression in STAT-6"'~ BMDMs (Sup-
plemental Fig. 1D, 1E). LPS stimulation of BMDMs did not in-

Table I. STAT-6-dependent gene expression in pediatric UC
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duce Cclll mRNA expression or significant protein release
(results not shown). These data indicate that IL-4—induced, M®-
derived CCL11 expression is STAT-6—dependent.

STAT-6 is not required for DSS-induced CCLI11 expression or
eosinophil recruitment

To assess the contribution of STAT-6 signaling to DSS-induced
eosinophil recruitment and CCL11 expression, we performed
phosphoflow analysis on isolated lamina propria cells from DSS-
treated and vehicle (baseline)-treated mice. Levels of p-STAT-6 in
the F4/80"CD11b*Ly6C™ colonic M®s from DSS-treated WT
mice were elevated compared with F4/80*CD11b*Ly6C™ Mds
from vehicle (baseline)-treated WT and DSS-treated STAT-6"~
mice (Fig. 1A; mean = SD: p-STAT-6 mean fluorescence intensity
WT control 6.03 = 0.21; WT DSS 7.6 = 0.4%; STAT-6 "'~ 6.5 =
0.2; n = 3-7 samples/group; *p < 0.05). DSS treatment (6 d) of
WT mice induced significant colitic disease characterized by
cryptitis, epithelial ulceration, and pronounced inflammatory in-
filtrate, including significant eosinophilic inflammation (Fig. 1B-
E). The absence of STAT-6 did not influence DSS-induced his-
topathology or eosinophil influx (Fig. 1B-E). Importantly, CCL11
levels were not different between WT and STAT-6'~ mice after
DSS treatment (Fig. 1F). These data indicate that STAT-6 is not
required for DSS-induced CCL11 expression, colonic eosinophil
influx, and histopathology.

Myeloid cell-specific deletion of the RelA/p65 gene in mice
(RelA/p65*™°)

We have previously reported increased classical and alternatively
activated M® gene expression in purified CCL117F4/80*CD11b*
Ly6C™ colonic M®s from DSS-treated mice (13), suggesting
activation of both STAT-6- and NF-kB-regulated pathways.
Given our demonstration that CCL11 expression and colonic eo-
sinophilic inflammation could occur in the absence of STAT-6, we
next assessed the role of NF-kB. Phosphoflow analysis revealed
increased levels of p-RelA/p65 in colonic F4/80*CD11b*Ly6C™
M®s from DSS-treated mice compared with untreated mice (Fig.
2A). Consistent with this, quantitative RT-PCR analysis revealed
a 10-fold increase in the mRNA levels of the NF-kB—dependent
gene, Nfkbia, in this population compared with blood monocytes
from DSS-treated mice (Fig. 2B). To delineate the requirement of
NF-kB to the intestinal M®:CCL1 1:eosinophil pathway in colitis,
we backcrossed RelA/p65™™ mice (29) onto the LysM-Cre mice
(30) to specifically delete RelA/p65 in myeloid cells. To demon-
strate the efficiency of the LysM-Cre—-mediated deletion of RelA/
p6S, we assessed presence and activation (phosphorylation) of
RelA/p65 in BMDMs (Fig. 2C). Western blot analyses revealed
the loss of total RelA/p65 protein in RelA/p65°™° BMDMs (Fig.
2C). Further, RelA/p65 activation was ablated in RelA/p65-™®

UC versus NL

Gene Name Gene Symbol (Fold Change)
IL-13 receptor, a2 ILI3RA2 16.47
Selectin E SELE 7.28
Collagen, type I al COLIAI 5.09
Chemokine (C-C motif) ligand 18 CCLI8 4.77
Collagen, type I a2 COLIA2 4.36
Selectin P (granule membrane protein 140 kDa, Ag CD62) SELP 3.37
Suppressor of cytokine signaling 1 SOCS1 2.49
Serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor SERPINE1 2.40
type 1), membrane 1
CD40 molecule, TNF receptor superfamily member 5 CD40 2.26

NL, Normal healthy patients.
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Table II. NF-kB—dependent gene expression in pediatric UC

MYELOID RelA/p65 REGULATES COLONIC EOSINOPHILIA

UC versus NL

Gene Name Gene Symbol (Fold Change)

Chemokine (C-X-C motif) ligand 5 CXCL5 39.49
IL-8 ILS 21.24
Chemokine (C-X-C motif) ligand 2 CXCL2 11.68
Chemokine (C-X-C motif) ligand 3 CXCL3 10.35
Lipocalin 2 (oncogene 24p3) LCN2 7.32
Selectin E SELE 7.28
Ig heavy constant y4 IGHG4 6.89
IL-1, B ILIB 5.94
Chemokine (C-C motif) ligand 11 CCLI11 5.87
PG-endoperoxidase synthase 2 (PG G/H synthase and cyclooxygenase) PTGS2 5.59
Chemokine (C-X-C motif) ligand 10 CXCLIO 435
IL-6 IL6 4.30
Secretory leukocyte peptidase inhibitor SLPI 4.14
Matrix metallopeptidase 9 (gelatinase B, 92kDa gelatinase, 92kDa MMP9 3.78
type IV collagenase)

ICAM 1 (CD54) ICAM1 3.64
Guanylate binding protein 1, IFN-inducible, 67 kDa GPI 3.24
Chemokine (C-C motif) ligand 2 CCL2 3.01
Nucleotide-binding oligomerization domain-containing 2 protein NOD2 2.96

NL, Normal healthy patients.

BMDMs after 1 h of LPS stimulation (Fig. 2C). RelA/p65 deletion
was specific for the myeloid lineage, as we observed normal levels
of total RelA/p65 in the spleen and colonic epithelium of RelA/
p65-™° mice (Fig. 2D).

To determine the effect of RelA/p65 deletion in myeloid cells
on other components of the NF-«kB signaling cascade, we assessed
IKK-a, c-Rel, and p105 expression in BMDMs (Fig. 2E). We ob-
served comparable levels of IKK-a, c-Rel, and pl105 expression
between WT and RelA/p65°™¢ BMDMs after LPS stimulation
(Fig. 2E). As expected, total levels of IkB-a and IkB-f3 were de-
creased in RelA/p65°™¥® compared with WT BMDMs at time
0 (29, 31-33); however, these inhibitory proteins underwent com-
parable degradation after LPS stimulation, indicating that signaling
components upstream of RelA/p65 remained intact (Fig. 2E). These
data indicate selective RelA/p65 deletion in myeloid cells, and
that this is independent of effects of other components of the NF-
kB signaling pathway.

LPS-induced proinflammatory cytokine production in
RelA/p65-deficient M®s

To delineate the effect of RelA/p65 deficiency on M® proin-
flammatory cytokine production, we generated BMDMs from WT
and RelA/p65“™° mice, and examined responsiveness to LPS
stimulation. BMDMs from RelA/p65°™° mice develop normally,
with comparable forward scatter (FSC), side scatter (SSC), F4/80,
and CD11b expression compared with WT (data not shown). LPS-
induced secretion of TNF-a, IL-6, IL-1B, and NO was signifi-
cantly attenuated in RelA/p65°™° BMDMs compared with WT
(Fig. 2F). However, IL-12p40 secretion was similar between
RelA/p652™° and WT BMDMs (Fig. 2F), which is consistent
with functional c-Rel-dependent transcription (34). To assess NF-
kB—independent pathway function in RelA/p65°™° BMDMs, we
measured type I IFN-induced chemokine (CXCL10) production
in RelA/p65°™°¢ and WT BMDMs. Levels of type I IFN-induced
STAT-1 phosphorylation and CXCL10 secretion were similar be-
tween RelA/p65°™¢ and WT BMDMs (Supplemental Fig. 2A,
2B). Furthermore, assessment of active caspase-3 in IL-4 or [FN-y +
LPS-stimulated BMDMSs revealed that deletion of RelA/p65 in
M® does not alter M® apoptosis (Fig. 2G). These data indicate
that RelA/p652™° M®s have attenuated NF-kB—dependent proin-
flammatory cytokine responses; however, NF-kB—independent sig-

naling such as type I IFN-induced STAT-1-dependent chemokine
production remains intact.

DSS-induced colitis is attenuated in RelA/p65°™° mice

To assess the requirement for myeloid expression of RelA/p65 in
DSS-induced colonic injury, we exposed RelA/p65°™* and aged-
and strain-matched WT mice to 2.5% DSS for 6 d and examined
colitic disease. RelA/p65 deletion in myeloid cells protected the
mice from DSS-induced colonic injury (Fig. 3). DSS-induced
weight loss, development of diarrhea, rectal bleeding, and colon
shortening were significantly attenuated in RelA/p65°™ mice
compared with WT mice (Fig. 3A—C). Histological assessment of
the colon revealed that the reduction in clinical symptoms of disease
in RelA/p65Amye mice was accompanied by a significant reduction
in intestinal epithelial crypt loss, erosion, inflammatory infiltrate,
and the proinflammatory cytokine IL-6 (Fig. 3D-F). Surprisingly,
we observed no significant reduction in TNF-a or IL-1$ in colon-
ic punch biopsy samples between DSS-treated WT and RelA/
p65Amye mice (Fig. 3F). We observed no differences in intestinal
immune and epithelial architecture between naive WT and RelA/
p652™° mice, indicating no homeostatic effects of myeloid p65
deletion on intestinal function. Collectively, these studies identify
that myeloid expression of RelA/p65 is required for DSS-induced
increases in IL-6, intestinal inflammation, and colonic injury.

Attenuation of DSS-induced colitis is not due to decreased
Ly6C" monocyte or neutrophil recruitment

Previous studies demonstrated that blockade of the recruitment of
inflammatory M®s to the colon via a CCR2-dependent pathway
can attenuate DSS-induced colitis disease (13). We show that DSS
exposure (5 d) induced a significant influx of F4/80*CD11b*
Ly6C"™ monocytes in WT mice (Fig. 4A, 4B) (13). Importantly,
loss of myeloid RelA/p65 did not dysregulate recruitment of
Ly6Chi monocytes to the colon at baseline or after DSS treatment
(Fig. 4A, 4B). Similarly, we observed no reduction in neutrophil
recruitment into the colon in RelA/p65°™¢ mice (Fig. 4C, 4D).
Peripheral blood levels of neutrophils and Ly6Chi monocytes were
also equivalent between WT and RelA/p65°™° mice (Supple-
mental Fig. 3). These data indicate that myeloid trafficking to the
colon during chronic inflammatory conditions does not require
RelA/p65 signaling in myeloid cells.
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STAT-6""" mice (filled histograms) and mean fluorescence intensity of p-STAT-6. (B) Histological score. (C) Representative photomicrographs of H&E-
stained colonic sections from baseline and DSS-treated mice (day 7, 2.5% DSS). (D) Eosinophil levels in the colon and (E) representative photomicrographs
of anti-MBP-stained colonic sections from baseline and DSS-treated mice (day 7, 2.5% DSS). (C and E) Original magnification X 100. (F) CCL11 levels in
punch biopsy supernatants from WT and STAT-6"'~ mice at baseline and after 5 d of DSS. (A) Data represent the mean = SEM of n = 3—7 mice/group
from duplicate experiments. (B—F) Data represent the mean = SEM of n = 5-6 mice/group. Data are representative of triplicate experiments. Significant
differences (¥p < 0.05, **p < 0.01, ***p < 0.001) between groups. Eos, Eosinophils; n.s., Not significant.

Colonic eosinophilic inflammation is decreased
in RelA/p65°™° mice

Assessment of colonic eosinophil levels in DSS-treated RelA/
p654™° mice revealed a significant decrease in induction of eo-
sinophil levels compared with DSS-treated WT mice (Fig. 5A,
5B). The blunting of the DSS-induced increase in eosinophil
number in RelA/p65°™° mice was associated with a similar and
significant lack of DSS-induced increase in CCL11 levels in
colonic punch biopsies from DSS-treated RelA/p65°™° mice
(Fig. 5B). We have previously demonstrated that eosinophils are
localized to the GI tract under homeostatic conditions, and that
the recruitment of this cell population is regulated by CCL11
(35). Deletion of RelA/p65 in myeloid cells did not alter steady-
state CCL11 and eosinophil levels, indicating that myeloid

RelA/p65 does not regulate homeostatic CCL11 production or
eosinophil recruitment. These data implicate the specificity of
myeloid RelA/p65 in regulating the increase in CCL11 ex-
pression and colonic eosinophilic inflammation during colonic
injury.

To directly determine whether the reduction in DSS-induced
CCL11 in the colon of RelA/p65“™° mice was a consequence
of reduced CCL11 production from Ly6C™ colonic M®s, we used
flow sorting to purify Ly6C™ M®s from the colon of DSS-treated
mice using CD11b and Ly6C (Fig. 6A). PCR analyses revealed
decreased Cclll expression in DSS-treated RelA/p65°™° Ly6C™
colonic M®s compared with WT (Fig. 6B). Importantly, the re-
duction in Ccll1 expression in RelA/p65°™° M®s was not due to
an inability to express CCL11, because IL-4 treatment induced
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FIGURE 2. Specificity of RelA/p65 deletion in RelA/p65Arnye mice. (A) Representative flow cytometry plots and histograms of p-RelA/p65 expression in
F4/80*CD1 le’Ly6Chi colonic M®s from DSS-treated WT (open histograms) and untreated WT mice (filled histograms). (B) Quantification of Nfkbia
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group. Representative Western blot analysis of WT (+) and RelA/p65Amy ¢ (=) (€) BMDMs stimulated with 1 wg/ml LPS for 1 h; (D) colonic epithelium and
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equivalent levels of CCLII expression in both WT and RelA/
p652™° BMDMs (Supplemental Fig. 4).

We previously reported that Ly6C™ colonic M®s from DSS-
treated mice had a mixed M1 and M2 proinflammatory phenotype
(13). To assess the effect of myeloid cell-specific RelA/p65 de-
letion to this phenotype, we examined expression of M1 and
M2 genes in purified Ly6C™ colonic M®s from WT and RelA/
p652™° DSS-treated mice. Quantitative PCR analyses of RelA/p65
expression confirmed RelA/p65 deletion in purified Ly6C™ co-
lonic M®s from RelA/p65°™*° DSS-treated mice (Ly6C™ colonic
M®s RelA/p65/hprt ratio WT 1.41 * 0.19 versus RelA/p65°™Y®
0.37 = 0.04; n = 3 purified F4/80* CD11b* Ly6C™ colonic M®
preparations per group; p < 0.05). Il1b, Cxcl9 (M1), Retnla, 1110,
and Ccl22 (M2) gene expression was decreased in colonic Ly6C™

M®s from DSS-treated p65“™* mice compared with DSS-treated
WT mice, suggesting that these genes are positively regulated by
RelA/p65 (Fig. 6B). Cxcl10 and Argl expression was also decreased,
although not significantly. Surprisingly, Tnf, 1l6, Cxcl2, and Cxcl3
expression was not decreased in colonic Ly6C™ M®s from RelA/
p65°™° mice compared with WT mice (Fig. 6B), indicating that loss
of RelA/p65 may not regulate their expression at the time examined.

Calprotectin—Receptor for advanced glycation end products
involvement in M®-derived CCLI11 production

To identify potential candidates involved in the stimulation of
CCL11 expression and secretion in intestinal inflammatory M®s in
DSS-induced colitis, we reanalyzed microarray profiling analyses
performed on the colon of control and DSS-treated C57BL/6 mice
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(data accessible at National Center for Biotechnology Information
Gene Expression Omnibus database [24], accession no. GSE22307).
These array data are of the colon of C57BL/6 mice after 0 and 6 d of
DSS (3%), and changes in gene expression have been validated by
gRT-PCR with * = 0.925122 (24). We compared gene expression at
days 0 and 6 as we have previously demonstrated maximal inflam-
matory M® recruitment into the colon on day 6 of DSS exposure
(9). Three percent DSS exposure induced the upregulation of 1008
genes and downregulation 173 genes (results not shown). Consistent
with the previous gene array analysis comparing gene expression
between day O versus day 6 of DSS exposure, we revealed increased
expression of inflammatory genes, including 716, Cxcl2, Cxcll, 1133,
and 711b (Fig. 7A and results not shown) (24). Assessment of Ccll1
and eosinophil-specific genes (e.g., Ear5, eosinophil-associated,
RNase A family, member 5) revealed significant elevated levels of
Cclll and Ear5 mRNA (3.2- and 2.7-fold increase, respectively).
Correlative analyses demonstrated a positive correlation between
Cclll and Ear5 mRNA expression (r = 0.82; p < 0.001; Fig. 7C).
These data are consistent with our previous studies in C57BL/6
demonstrating a direct relationship between CCL11 and eosino-
phils (9, 13). The top DSS-induced genes (day O versus day 6 of
DSS exposure) that correlated with Ccll1 expression were Saa3
(47.6-fold increase), Mmp3 (45.4-fold increase), and the S100
proteins, S700a8 (46.1-fold increase) and S100a9 (43.3-fold in-
crease; Fig. 7B). Notably, S100a8 and S100a9 were the highest
upregulated genes that possessed the strongest positive correlation
with Cclll mRNA expression (S100a8: r = 0.68, p < 0.03;
S§100a9: r = 0.70, p < 0.02; Fig. 7B, 7C). These studies revealed
a relationship between S/00a8 and S100a9, colonic CCL11 ex-

pression, and eosinophilic inflammation in DSS-induced colitis.
To confirm these observations, we assessed S/00a8 and S100A9
mRNA expression and eosinophil numbers in the colon after O, 3,
and 7 d of DSS exposure (Fig. 7D). We demonstrate a positive
correlation between S7/00a8 and S100a9 mRNA expression and
eosinophil numbers/HPF in the colon during DSS exposure (Fig.
7D; p < 0.01). The S100a8/S100a9 (calprotectin) receptor is not
fully delineated; however, there is evidence that the 35-kDa multi-
ligand receptor for advanced glycation end products (RAGE) acts
as the primary receptor for calprotectin (36, 37). Flow cytometry
analyses revealed expression of the calprotectin receptor RAGE on
Ly6C" colonic M®s after 6 d of DSS exposure. Notably, the Ly6C™
colonic M®s and not the resident Ly6C'®™ colonic M®s expressed
RAGE (Fig. 7E). To assess whether calprotectin induced CCL11
expression in M®s, we assessed S100a8/S100a9 stimulation of
BMDMs. First, we show that BMDMs express the RAGE (Fig. 7F).
Stimulation of BMDMSs with heterodimeric calprotectin complex
induced CCL11 secretion. Notably, the calprotectin response was
dependent on NF-«B signaling as the calprotectin-induced CCL11
secretion was ablated in RelA/p65-deficient BMDMs (Fig. 7G).
These studies indicate that calprotectin (S100a8/S100a9) induces
CCLI11 secretion in M®s via an NF-kB-dependent pathway.

Discussion

In this study, we investigated the contribution of STAT-6 and NF-
kB RelA/p65 in myeloid cells in the regulation of colonic eo-
sinophilic inflammation and histopathology of DSS-induced coli-
tis. Expression of both NF-kB— and STAT-6-dependent genes are
increased in pediatric UC colonic biopsies. We report that NF-kB
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and STAT-6 are activated in colonic Ly6C™ M®s during DSS-
induced colitis in mice. We show that loss of STAT-6 does not
alter susceptibility to colitic disease, whereas loss of RelA/p65 in
myeloid cells leads to decreased susceptibility to DSS-induced
colitis. Notably, attenuated DSS-induced clinical symptoms and
histopathology in RelA/p65“™° mice was associated with de-
creased induction of the proinflammatory cytokine IL-6, CCL11

A B
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Eos/HPF

DSS

baseline DSS

expression, and eosinophil recruitment, and was not due to reduced
recruitment of myeloid cells. We show that the reduced CCL11 levels
in DSS-treated RelA/p65°™° mice were linked with attenuated
Ccll1 expression in Ly6C™ colonic M®s. We identify a positive
correlation between calprotectin (S/00A8 and S100A9) mRNA ex-
pression and colonic eosinophil numbers and that calprotectin stim-
ulation of BMDMs leads to RelA/p65-dependent CCL11 secretion.
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FIGURE 5. Lack of induction of CCL11 and eosinophils in RelA/p65*™* mice during DSS-induced colitis. (A) Representative photomicrographs of anti-
MBP-stained colonic sections from baseline and DSS-treated mice (day 6, 2.5%) and colonic eosinophil levels in the colon. Original magnification X100. (B)

CCL11 levels in punch biopsy supernatants from WT and Rel A/p65-™°

mice in vehicle- (baseline) and DSS-treated mice (day 5, 2.5%). Data indicate the

mean * SEM of n = 6-8 mice/group from triplicate experiments. Significant differences (*p < 0.05, ***p < 0.001) between groups. Eos, Eosinophils.
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Collectively, these data indicate that myeloid RelA/p65 plays
a central role in the proinflammatory cytokine response and
CCL11:eosinophil axis in experimental colitis.

Previous in vivo studies in models of heart transplant rejection
(38), pulmonary hypertension (39), rhinovirus (15), and helminth
infection (14) have identified a role for M®s in eosinophil re-
cruitment. The majority of these studies show that M®-mediated
eosinophil recruitment is associated with M2 M® alternate acti-
vation and CCL11 expression. Consistent with this finding, we
show that IL-4 stimulation of BMDMs induces the M2 M®
phenotype and CCL11 expression, and that this pathway is de-
pendent on STAT-6. However, our in vivo analyses revealed that
CCL11-dependent eosinophil recruitment can occur in the absence
of STAT-6 signaling. Previous studies have reported STAT-6—in-
dependent CCL11 expression in airway epithelial cells, and that
this was mediated by TNF-a—induced NF-kB binding to the
CCLI11 promoter (25). Consistent with this, in a mouse model of
allergic lung inflammation, NF-kB inhibition by NF-kB decoy
oligodeoxynucleotides or by genetic approaches (transgenic CC10-
IkB-a—superrepressor mice) attenuated lung inflammation and
reduced CCL11 expression (40, 41). Although these studies iden-
tified an interaction between NF-kB-regulated pathways and
CCL11 expression, they did not elucidate the role of NF-kB in
specific cell types. Our study indicates that at least in DSS-
induced colitis, Ly6C™ colonic M®-derived RelA/p65 regulates
CCLI11 levels and eosinophilic inflammation; however, it still

remains to be determined whether RelA/p65 directly binds to the
CCLI1 promoter in colonic M®s.

Clinical and experimental evidence identify an important con-
tribution by M®s through the production of proinflammatory
cytokines, including TNF-a, IL-6, IL-1B3, and IL-23 in the exac-
erbation of the chronic inflammatory response in IBD and ex-
perimental colitis (3, 13, 42, 43). We show that myeloid deletion
of RelA/p65 signaling attenuated DSS-induced colitic disease and
IL-6 levels in punch biopsy samples. However, we did not observe
reduced secreted TNF-a levels between WT and RelA/p65°™Y®
mice. This was somewhat surprising because we identified an
important role for RelA/p65 in LPS-induced M®-derived TNF-a
expression in vitro. Assessment of total TNF-a expression (se-
creted and nonsecreted) by analyzing whole colonic lysates did
reveal a decrease in TNF-a expression in RelA/p65°™° mice
compared with WT (results not shown). These potential conflict-
ing observations may be attributed to the fact that M®s may not
be the primary source of TNF-« in the colon during DSS-induced
colitis, as human intestinal epithelial cells, mast cells, and NK
cells are also able to produce TNF-a (44, 45). Gene expression
analysis of purified Ly6C™ colonic M®s from RelA/p65°™° mice
revealed that decreased susceptibility to colitic disease was asso-
ciated with lower levels of a number of proinflammatory genes:
1l1b, Retnla, Cxcl9, Cxcll0, Argl, and Ccl22. CXCL9 and
CXCL10 are both increased in IBD patients (46, 47), and inhi-
bition of CXCL10 protected mice from DSS-induced colitis (48).
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individual animals. (D) Pearson product-moment correlation between S100a8 and S100a9/Hprt ratio and eosinophils/HPF in the colon of WT C57BL6 mice
on days 3, 5, and 7 after DSS exposure. (E) Representative flow plots of RAGE expression on (E) colonic F4/80*CD11b*Ly6C™ monocytes/M® from DSS-
treated mice (day 6) and (F) BMDM. (G) CCL11 levels in supernatants from WT and RelA/p65°™° BMDM after 24-h stimulation with $100a8/S100a9
complex. (G) Data represent the mean = SEM. Data are representative of duplicate experiments. Significant differences (**p < 0.01) between groups.

Furthermore, we have previously demonstrated that Remmla ™'~
mice had decreased susceptibility to DSS-induced colitis (21).
Ccl22 expression is increased in DSS-induced colitis and in the
sera of UC and Crohn’s disease patients, but its role in IBD is not
known (49, 50). These data indicate that M®s express many
proinflammatory genes that may contribute to chronic intestinal
inflammatory phenotypes and disease pathology.

Previous studies have demonstrated that DSS exposure stim-
ulates neutrophil recruitment into the colon (51). Consistent with
this, we observed a significant increase in the level of neutrophil
infiltration into the colon after DSS exposure in both the WT
(~12-fold) and RelA/p65-™¢ (16-fold) mice. However, neutrophil
levels in the colon of RelA/p65°™¢ mice were greater than that
observed in WT mice under both steady-state and after DSS ex-
posure. There are a number of potential explanations for this
observation. First, LysM““-mediated deletion of RelA/p65 is occur-
ring in neutrophils and may effect neutrophil migration or apoptosis.
RelA/p65 has been implicated in neutrophil apoptosis, and the initial
description of the LysM® transgene revealed efficient LysM“™

expression and deletion of floxed targeted genes in neutrophils
(30). Alternatively, increased levels of neutrophils in the RelA/
p65-™° mice may be attributed to decreased M® function and
activity. Interestingly, deletion of M®s in the LysM™® c-FLIP™M
mice was associated with heightened neutrophilia (52). The authors
demonstrated that the increased neutrophil levels was a conse-
quence of heightened G-CSF and IL-13, and not necessarily caused
by c-FLIP deletion in neutrophils as neutralization of G-CSF and
IL-1B (anti-G-CSF and IL-1R antagonist) reduced neutrophil levels
back to baseline levels (52). Notably, we observed increased levels
of IL-1B in the colon of RelA/p65°™¢ mice after DSS treatment.
The molecular basis for the heightened neutrophil response in the
RelA/p65*™° mice is under current investigation.

Experimental analyses suggest that NF-kB activity in different
cell populations has differential roles in the maintenance of tissue
homeostasis versus proinflammatory function (29, 53-58). For
example, intestinal epithelial cell-specific deletion of IKK com-
plex proteins or RelA/p65 increased susceptibility to infection,
spontaneous inflammation, and DSS-induced colitis (29, 53, 59).
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Conversely, transgenic overexpression of constitutively active
IKK-{ in intestinal epithelial cells drives intestinal inflammation
and cancer (54). In contrast, whole animal or hematopoietic cell
inhibition of NF-kB using genetic, antisense oligonucleotides,
or small-molecule inhibitors ameliorated mucosal inflammation
(55-58). We demonstrate that selective deletion of RelA/p65 in
myeloid cells attenuates intestinal inflammation and colitic disease,
further emphasizing tissue-specific functions for the NF-kB path-
way in homeostasis versus inflammation.

Previous studies using inducible IKK- knockout mice (Mx
IKK-B"™ have demonstrated that TNF-a—dependent apoptosis in
the absence of IKK-f results in increased IL-1( protein secretion
and granulocytosis (60), and LPS-induced apoptosis in myeloid
cells was increased in IKK-B™° BMDMs (61). Notably, a
number of IKK-{ substrates and effector pathways are NF-kB—
independent and control proliferation, apoptosis, and cytokine
production. IKK-B regulation of MAPK activation, mTOR sig-
naling, expression of autophagy genes, and proteins that regulate
cell division and death such as Aurora A, p53, and FOXO3a can
occur independently of NF-kB activity (62). Thus, one may pre-
dict a partial phenotypic overlap between mice lacking myeloid
RelA/p65 and those deficient in myeloid IKK-B. Consistent with
this, we show that genetic deletion of RelA/p65 in myeloid cells
did not affect peripheral M® or neutrophil numbers, indicating
that RelA/p65 is not required for M® and neutrophil anti-
apoptosis. Furthermore, apoptosis was not substantially increased
after LPS stimulation of RelA/p65°™° BMDMs compared with
WT. Collectively, these data indicate the presence of RelA/p65-
independent IKK-3 substrates and activity in the regulation of
myeloid cell function.

NF-kB activity is tightly controlled by interactions with the NF-
kB inhibitory proteins, IkB-a and IkB-(3. We show that the ab-
sence of RelA/p65 in BMDMs reduced baseline levels of the IkB-o
and IkB-B. Notably, the levels of IkB-B were significantly lower
than that observed of IkB-a, suggesting preferential loss of IkB-f3.
Deletion of RelA/p65 in mouse embryonic fibroblasts and primary
liver fetal cells has also been associated with reduced levels of
IkB-a and IkB-(, and similar to our data, the reduction in IkB-
levels was greater than that of IkB-a (32). The preferential re-
duction in IkB-f is attributed to the greater importance of RelA/
po65 in stabilizing IkB-f protein, and protecting IkB-3 from 26S
proteasome degradation (32).

We have previously demonstrated in pediatric UC that CCL11 is
derived from both intestinal epithelial cells and CD68" myeloid
cells (9). In contrast, in the murine system using in situ hybridiza-
tion and immunofiuorescence technologies, we show that CCL11 is
derived from mononuclear cells, primarily Ly6C™ colonic M®s
(13). One possible explanation for this discrepancy is that the peak
DSS-induced colonic eosinophilic inflammation (day 6) is observed
in the presence of a pronounced colonic epithelial ulceration and
shedding, and that this may eliminate any intestinal epithelial
CCLI11 signal. Assessment of murine colonic intestinal epithelial
cells from mice treated with DSS for 4 d revealed a positive CCL11
signal suggesting that murine intestinal epithelial cells may express
CCLI11 (results not shown). However, bone marrow chimera ex-
periments demonstrate that Ly6C™ colonic M®s are sufficient to
drive CCL11-dependent colonic eosinophilic inflammation (13).

One limitation of these analyses is that deletion of RelA/p65 in
myeloid cells using the LysM™ system leads to deletion of RelA/
p65 in all monocyte/M® subpopulations including the Ly6C'™™
colonic tissue resident M®s and the Ly6C™ inflammatory M®s.
Thus, we cannot exclude the contribution of RelA/p65 signaling in
Ly6C' colonic tissue resident M®s to DSS-induced CCL11
expression and eosinophilic inflammation. However, we have
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previously demonstrated that DSS exposure does not alter the
levels of resident Ly6C10w colonic tissue M®s (13), and that loss
of the Ly6C™ inflammatory M®s and not resident Ly6C'®" co-
lonic tissue M®s in the colon was associated with reduced CCL11
levels and eosinophilic inflammation (13), indicating that Ly6C™
inflammatory M®s are likely the M® subpopulation responsible
for CCL11 and eosinophilic inflammation in the colon during
epithelial injury.

Bioinformatics analyses and in vitro studies on BMDMs reveal
that calprotectin, the S100a8/S100a9 heterodimeric complex, may
be the stimulus for M®-derived CCL11 secretion. Indeed, we show
that BMDM and inflammatory-recruited Ly6C™ colonic M®s
express the calprotectin receptor RAGE, and that the expression of
S100a9 and S100a8 in the colon of DSS-treated mice positively
correlated with eosinophil numbers. SI00A8 and S100A9 are
members of the S100 protein family and the EF-hand protein
superfamily (63), and are intracellular proteins that exist mainly as
a heterodimer (termed calprotectin). Recent work indicates that
S100a8 and S100a9 also possess extracellular functions and regu-
late leukocyte migration, cytokine expression, and innate immune
activity (64-66). The receptor for SI00A8/S100A9 (calprotectin) is
not fully delineated; however, there is evidence that the 35-kDa
multiligand receptor RAGE acts as the primary receptor for cal-
protectin (36, 37). Previous experimental evidence indicates that
calprotectin induces NF-kB activation in RAGE" cells (37, 67), and
that calprotectin-induced myeloid-derived cell migration and accu-
mulation was RAGE- and NF-kB—dependent (68). We show that
calprotectin induced BMDM-derived CCL11 secretion, and that this
was dependent on NF-«kB signaling. There is significant clinical
evidence suggesting calprotectin and RAGE involvement in IBD.
Fecal calprotectin levels are elevated in pediatric UC and Crohn’s
disease, and levels positively correlate with disease severity and
mucosal inflammation (69, 70). Notably, fecal calprotectin levels are
one of the most accurate measurements for the presence of active
mucosal inflammation and likelihood of IBD relapse (71). Fur-
thermore, calprotectin is a stronger predictive marker of relapse in
UC than in Crohn’s disease because patients under clinical remis-
sion who recorded a higher initial concentration of fecal calprotectin
(>150 pg/g) are 2 and 14 times more likely to relapse in Crohn’s
disease and UC, respectively (72). RAGE mRNA and protein levels
are also increased in colonic samples of Crohn’s disease patients,
and the functional RAGE -374T/A polymorphism has been linked
with Crohn’s disease (73). RAGE is expressed on many hemapoietic
(M®s, neutrophils, dendritic cells, and B and T lymphocytes) and
nonhemapoietic cell populations (74), and small interfering RNA
(si-S100A9) knockdown of S100A9 reduced DSS-induced gran-
ulocyte infiltration and colitis disease activity (75).

Recent clinical evidence suggesting a central function for M®s
in the exacerbation of the chronic inflammatory response and
manifestations of IBD has led to intense focus on the identification
of M®-mediated intestinal inflammatory cascades. We have
highlighted the importance of recently recruited Ly6C™ colonic
M®s in eosinophil recruitment and CCL11 expression. We now
demonstrate that this is regulated by myeloid expression of RelA/
p65 and is surprisingly STAT-6—-independent. These studies pro-
vide significant rationale for the assessment of RelA/p65 activa-
tion in the expression of monocyte/M®-derived CCL11 in human
IBD and further highlight the importance of targeting of the
monocyte/M®:RelA/p65 pathway as a therapeutic modality for
the treatment and prevention of IBD.
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