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Human intestinal macrophages contribute to tissue homeo-
stasis in noninflamed mucosa through profound down-regula-
tion of pro-inflammatory cytokine release. Here, we show that
this down-regulation extends to Toll-like receptor (TLR)-in-
duced cytokine release, as intestinal macrophages expressed
TLR3-TLR9 but did not release cytokines in response to TLR-
specific ligands. Likely contributing to this unique functional
profile, intestinal macrophages expressed markedly down-reg-
ulated adapter proteins MyD88 and Toll interleukin receptor 1
domain-containing adapter-inducing interferon f3, which
together mediate all TLR MyD88-dependent and -independent
NEF-kB signaling, did not phosphorylate NF-«B p65 or Smad-
induced IkBa, and did not translocate NF-kB into the nucleus.
Importantly, transforming growth factor-f3 released from intes-
tinal extracellular matrix (stroma) induced identical down-reg-
ulation in the NF-kB signaling and function of blood monocytes,
the exclusive source of intestinal macrophages. Our findings
implicate stromal transforming growth factor-B-induced dys-
regulation of NF-kB proteins and Smad signaling in the differ-
entiation of pro-inflammatory blood monocytes into nonin-
flammatory intestinal macrophages.

The mucosa of the normal human small intestine is remark-
able for the absence of inflammation, despite constant exposure
to immunostimulatory bacteria and bacterial products. To elu-
cidate the homeostatic mechanisms underlying the absence of
intestinal inflammation, we have shown that locally produced
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IL-8% and TGF- recruit pro-inflammatory blood monocytes to
the lamina propria (1), where extracellular matrix (stromal)
TGEF- 3, and possibly other mucosal factors, induce rapid differ-
entiation of the newly arrived monocytes into intestinal macro-
phages incapable of inducible cytokine release (1-3). Con-
sistent with their noninflammatory profile (4), intestinal
macrophages also do not express many innate response recep-
tors (2, 3, 5) and are down-regulated for chemokine receptors
(6-38), triggering receptor expressed on monocytes-1
(TREM-1) (9, 10) and co-stimulatory molecules (3, 11). How-
ever, intestinal macrophages retain avid phagocytic and bacte-
riocidal activity (2, 3, 5), but even phagocytosis of Gram-nega-
tive bacteria does not induce pro-inflammatory cytokine
release (3). Thus, lamina propria macrophages in the human
small intestine are unique among mononuclear phagocytes for
the presence of inflammation anergy, a feature that likely
evolved to attenuate bacterially induced inflammation in the
intestinal mucosa.

The mechanisms underlying the inflammation anergy of
intestinal macrophages in normal mucosa are not known. Here,
we show that a high proportion of intestinal macrophages dis-
played TLR3, TLR5, and TLR7-9, and a small proportion
expressed TLR4 and TLR6 but did not release pro-inflamma-
tory cytokines in response to the corresponding TLR ligand.
Moreover, intestinal macrophages did not express detectable
MD-2 and could not respond to rough LPS, even in the pres-
ence of MD-2 expression via gene transfection, predicting a
downstream block in the signal transduction pathways that reg-
ulate cytokine gene transcription. Confirming this prediction,
intestinal macrophages expressed barely detectable levels of
key proteins in the MyD88-dependent and -independent
NEF-«B signal pathway and expressed Smad-induced I«Ba, the
negative regulator of NF-«B, but they did not phosphorylate
IkBa or NF-kB and did not translocate NF-«B into the nucleus.
Furthermore, intestinal stroma-associated TGF-B profoundly

3 The abbreviations used are: IL, interleukin; TLR, Toll-like receptor; IFN, inter-
feron; TNF, tumor necrosis factor; TGF, transforming growth factor; ELISA,
enzyme-linked immunosorbent assay; LPS, lipopolysaccharide; S-CM, stro-
ma-conditioned media; RANTES, regulated on activation normal T cell
expressed and secreted; sCD14, soluble CD14; FITC, fluorescein isothiocya-
nate; PBS, phosphate-buffered saline; SARM, sterile and Armadillo motif-
containing protein; M-CSF, macrophage-colony-stimulating factor; TRIF,
Tollinterleukin receptor 1 domain-containing adapter-inducing interferon
B; Ref. Seq., Reference sequence; CEBP, CCAAT/enhancer-binding protein.
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inhibited NF-«B signaling and TLR-mediated cytokine release
in blood monocytes, the exclusive source of intestinal macro-
phages. These findings indicate a mechanism in which stromal
TGEF-B-induced Smad signaling and dysregulation of NF-«B
signal proteins mediate the differentiation of pro-inflammatory
blood monocytes into inflammation anergic intestinal
macrophages.

EXPERIMENTAL PROCEDURES
Intestinal Macrophages and Blood Monocytes

Macrophages were isolated from intestinal mucosa of sub-
jects undergoing gastrojejunostomy for obesity or healthy
organ transplantation donors by enzyme digestion and purified
by counterflow centrifugal elutriation, as described previously
(5, 12, 13). Blood monocytes from the same donors were puri-
fied by elutriation and subjected to the same isolation protocol
so that the monocytes and intestinal macrophages were treated
similarly. Macrophages and monocytes were routinely >98%
pure, 98% viable by propidium iodide staining, and avidly phago-
cytic, similar to our previously characterized intestinal macro-
phages (1-3, 5). Human umbilical vein endothelial cells were
obtained from American Type Culture Collection. All studies
were undertaken with Internal Review Board approval.

Stroma-conditioned Media (S-CM)

Cell-depleted lamina propria extracellular matrix (stroma)
was prepared as described previously (1, 3, 14).

Transfection

Using the human macrophage nucleofector kit (Amaxa),
intestinal macrophages (7 X 10°/100 ul of nucleofector solu-
tion) were transfected with 2 pug of pDUO-hMD-2/TLR4 (Invi-
voGen) according to the manufacturer’s instructions. After
24 h of culture, the expression of MD-2 and TLR4 was analyzed
by flow cytometry.

Flow Cytometry

Cells (2 X 10°) were stained with phycoerythrin-, allophyco-
cyanin-, phycoerythrin-cyanin 5 (PE-Cy5)-, or FITC-conju-
gated monoclonal antibodies to CD13, CD14, HLA-DR (BD
Biosciences), TLR1-9 (eBiosciences), and MD-2 (Santa Cruz
Biotechnology) or control monoclonal antibodies of the same
isotype and fluorochrome and analyzed by flow cytometry. For
intracellular staining, cells were permeabilized prior to staining
with the relevant antibodies and matching control monoclonal
antibodies. Data were evaluated using CellQuest software (BD
Biosciences).

Cytokine Production

Supernatants of cells (2 X 10°/ml) cultured for 24 h in the
absence or presence of rough LPS (Salmonella minnesota R595;
Alexis), smooth LPS (Salmonella abortus equi; Alexis), soluble
CD14 (Alexis), or TLR1-9 ligands (Invitrogen) in the absence
or presence of IFN-v, anti-IL-10, or anti-IL-4 antibodies (R & D
Systems) were analyzed for TNF-q, IL-1p, IL-6, IL-8, and IL-10
and RANTES by ELISA (R & D Systems). TLR ligands included
the following: TLR1, Pam3CSK4 (0.2 pug/ml); TLR2, heat-killed
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Listeria monocytogenes (5 X 108 cells/ml); TLR3, poly(1:C) (25
pg/ml); TLR4, LPS (1 pg/ml); TLR5, Salmonella typhimurium
flagellin (100 ng/ml); TLR6, FLS1 (Pam2CaDPKH PKSF) (10
ng/ml); TLR7, imiquimod (0.5 wg/ml); TLR8, SSRNA40 (0.5
pg/ml); and TLR9, ODN2006 (5 um).

Real Time PCR

Intestinal macrophages and autologous blood monocytes
(1 X 10° cells/ml) stimulated for 2 h (for IL-1, IL-6, IL-8, and
TNF-a mRNA) or 12 h (for IL-10 and TGF-B mRNA) with
smooth LPS (1 ug/ml) were harvested, and RNA was isolated
(QIA RNeasy kit, Qiagen), and cDNA was generated from
total RNA (transcriptor first strand ¢cDNA synthesis kit,
Roche Applied Science). Target genes were amplified in
25-ul mixtures containing TagMan Universal PCR master
mix and the following 6-carboxyfluorescein/dihydrocyclo-
pyrroloindole tripeptide minor groove binder (FAM/MGB)-
labeled primer-probe sets: IL-1 (assay ID Hs00174097_m1,
Ref. Seq. NM_000576.2), IL-6 (Hs00985639_m1, Ref.
Seq. NM_000600.2), IL-8 (Hs00174103_m1, Ref. Seq.
NM_000584.2), and TNF-a (Hs00174128_m1, Ref. Seq.
NM_000594.2), all from Applied Biosystems. All primers
were chosen to span exon junctions and to exclude nonspe-
cific amplification of genomic DNA. Expression of en-
dogenous control gene 18 S rRNA (Ref. Seq. X03205.1)
or glyceraldehyde-3-phosphate dehydrogenase (Ref. Seq.
NM_002046.3) was determined simultaneously with
VIC™/6-carboxytetramethylrhodamine (VIC/TAMRA)-la-
beled primer probe sets in a multiplex PCR setup. Real time
PCR was run for 40 cycles (15 s at 95 °C, 60 s at 60 °C) on a
Chromo4 PCR system (Bio-Rad) and analyzed with Opticon
Monitor™ software, version 3.1. Relative expression rates of
target genes in unstimulated versus stimulated cells were calcu-
lated using the method of Pfaffl (15). All PCRs were performed
twice, once with each reference gene, and data are presented as
the geometric mean of both reactions.

Microarray Analysis

Total cellular RNA was extracted (RNeasy kit, Qiagen) (16)
from intestinal macrophages, and autologous blood monocytes
from two donors and cDNA were synthesized (Superscript
Choice System, Invitrogen) utilizing an oligo(dT),, primer.
Biotinylated cRNA was synthesized using a BioArray HighYield
RNA transcription labeling kit (ENZO Diagnostics) and puri-
fied through RNeasy nucleic acid columns. cRNA quality was
evaluated by hybridization to Test3 GeneChips (Affymetrix),
and only samples whose 3":5" ratios were less than three were
utilized for subsequent hybridization to HuGene U95-AV2
GeneChips (Affymetrix). After scanning, fluorescence data
were processed by the GeneChip operating system (version 1.1,
Affymetrix). Background correction, normalization, genera-
tion of expression values, and analysis of differential gene
expression were performed using dChip analysis software
(DNA-Chip analyzer (dChip), version 1.3, Harvard University)
in compliance with minimal information about microarray
experiment (MIAME) guidelines (www.ncbi.nlm.nih.gov). Fold
differences were calculated by comparing the fluorescence
intensities of each probe set per gene on the array for intestinal
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macrophages to blood monocytes. A fold difference =2.0 plus
p = 0.05 was considered significant. The Affymetrix GeneChip
Operating System data files (*.cel. and *.chp) have been
deposited in the Gene Expression Omnibus data base
(www.ncbi.nlm.nih.gov).

NF-kB Activation

Phosphorylation of NF-«kB p65 and IkBa—Cells (1 X 10°)
were incubated (37 °C) with smooth LPS (1 ug/ml), and at the
indicated time cold PBS was added, and the cells were washed,
fixed in 1% paraformaldehyde, 0.2% saponin (Cytofix/Cyto-
perm, BD Biosciences), stained with anti-p-NF-kB p65-FITC or
anti-p-IkBa-FITC (Santa Cruz Biotechnology) or control anti-
bodies, and analyzed by flow cytometry. Data were evaluated
with CellQuest.

NF-kB p50 ELISA—Nuclear extracts were prepared from
10 X 10° cells treated with smooth LPS (1 pg/ml) at 37 °C using
the NE-PER kit (Nuclear and Cytoplasmic Extraction Reagents,
Pierce). NF-kB DNA binding was detected using the NF-kB
transcription factor ELISA (Panomics, Inc.), based on the abil-
ity of activated NF-kB p50 to bind an NF-«B consensus binding
site on a biotinylated oligonucleotide immobilized on strepta-
vidin-coated wells in a 96-well plate. Bound NF-«kB was
detected by anti-NF-«B antibody (R & D Systems), and the sig-
nal was quantified by horseradish peroxidase-tetramethylben-
zidine (HRP-TMB) binding at 450 nm using an EL800 ELISA
reader (Biotek Instruments, Inc.).

Immunocytochemistry for NF-kB p65—Cells were incubated
in the presence or absence of S-CM (500 ug of protein/ml) for
1hat 37 °C, exposed to smooth LPS (1 wg/ml) for 1 h, fixed and
permeabilized (20 min with Cytofix/Cytoperm, BD Bio-
sciences), and washed (Cytoperm Buffer, BD Biosciences).
After rinsing, cells were blocked with casein protein (DAKO)
for 1 h and incubated with rabbit anti-NF-«B p65 antibodies
(0.05 mg/ml) for 90 min (Santa Cruz Biotechnology) or irrele-
vant antibody. Cells were washed, incubated with donkey anti-
rabbit IgG-FITC (1:500; Jackson ImmunoResearch) for 30 min,
washed with PBS, and counterstained with 4’,6-diamidino-2-
phenylindole (5 min) for the identification of nuclei. Cells were
visualized by confocal microscopy, and the cytoplasmic and
nuclear fluorescence intensity of NF-«B was converted to his-
tograms using IPLab software version 3.6 (BD Biosciences
Bioimaging).

Western Blot

Cells (10 X 10°/ml) were pelleted, resuspended in cold RIPA
buffer (Santa Cruz Biotechnology), homogenized, incubated
for 30 min, and supernatants collected by centrifugation, and
protein levels were determined. Extracts were diluted in SDS
sample buffer (Bio-Rad) and boiled for 3 min, and proteins were
separated by acrylamide (12.5%) gel electrophoresis and trans-
ferred to nitrocellulose membranes (Bio-Rad). Blots were
blocked with PBS, 5% bovine serum albumin, 0.05% Tween 20
(1 h at room temperature) and incubated with antibodies to
MyD88, TRIF/TICAM, TRAF6, IkBa, p-IkBa, Smad2,
p-Smad2, Smad4, or Smad7 (Santa Cruz Biotechnology) 1:2000
to 1:10,000 in PBS, 0.05% Tween 20 overnight at 4 °C. After
washing with PBS/Tween 20, blots were probed with horserad-
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ish peroxidase-conjugated secondary antibodies (1:50,000 in
PBS, 0.05% Tween 20; 1 h at room temperature) and bands
detected using the chemiluminescent method (SuperSignal
West Dura, Thermo Scientific). Blots were stripped and rep-
robed with anti-actin or anti-p53 antibodies (Calbiochem and
kind gift of Dr. E. Benveniste, University of Alabama at Bir-
mingham) to ensure equal loading on all gels.

Statistical Analysis

Data were analyzed by ¢ test/Mann-Whitney U test, where
appropriate. Data are expressed as mean * S.E. unless stated
otherwise.

RESULTS

Intestinal Macrophages Do Not Respond to Smooth or Rough
LPS—Mononuclear phagocytes interact with LPS through
CD14 and TLR4. CD14, which is present in membrane-bound
and soluble forms, does not transduce the LPS signal, whereas
TLR4 in association with the secreted protein MD-2 (TLR4-
MD-2) does (17). Smooth LPS, which contains the O-antigen
side chain composed of oligosaccharide subunits, binds TLR4-
MD-2 only in the presence of CD14 (CD14-dependent), leading
to NF-«B activation and pro-inflammatory cytokine produc-
tion (18). In contrast, rough LPS, which lacks the O-antigen,
can bind directly to TLR4-MD-2 and induces NF-«B activation
through both CD14-independent and -dependent binding.

We first investigated the response of intestinal macrophages
to smooth LPS. Intestinal macrophages do not express CD14 (2,
3,5), and the addition of sCD14 to cultures of intestinal macro-
phages did not induce the cells to produce IL-6 in the presence
of smooth LPS (Fig. 14). However, sCD14 enhanced inducible
cytokine release by monocytes and was required for cytokine
release by human umbilical vein endothelial cells (Fig. 14).
Intestinal macrophages, unlike autologous monocytes, exposed
to increasing concentrations of rough LPS also produced no
detectable TNF-a (Fig. 1B). Helicobacter pylori urease, which
we have shown induces cytokine production by monocytes
through an LPS-independent mechanism (19), also induced no
detectable TNF-a from intestinal macrophages but induced
abundant TNF-«a from blood monocytes (Fig. 1B). As an addi-
tional control, we also determined the ability of monocyte-de-
rived macrophages cultured for 1, 2, and 5 days to release
TNE-« after stimulation with rough LPS, smooth LPS, or flagel-
lin (the ligand for TLR5). Monocyte-derived macrophages
released progressively lower levels of TNF-a over this time
course, but even on day 5 the cells released large amounts of
inducible TNF-a compared with unstimulated cells (p < 0.01)
(supplemental Fig. 1). Thus, monocyte-derived macrophages
do not acquire the inflammation anergy characteristic of intes-
tinal macrophages, even after 5 days of culture, unlike mono-
cytes cultured in the presence of normal S-CM over the same
period (3). Consistent with these findings, untreated intestinal
macrophages spontaneously expressed manyfold lower levels
of the pro-inflammatory cytokines IL-1 (265-fold; p < 0.01),
IL-6 (3.7-fold; p < 0.09), IL-8 (182-fold; p < 0.03), TNF-« (17-
fold; p < 0.24), and the anti-inflammatory cytokine TGF-f3 (26-
fold; p < 0.03), but expressed equivalent levels of IL-10 (p <
0.05), compared with untreated monocytes, from the same
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FIGURE 1. Intestinal macrophages are down-regulated for pro-inflammatory cytokine release. A, intestinal macrophage LPS responsiveness is not
restored in the presence of sCD14. Intestinal macrophages (2 X 10%/ml) incubated with increasing concentrations of smooth LPS in the presence or absence
of sCD14 did not release detectable IL-6, but sCD14 potently enhanced IL-6 release from autologous LPS-stimulated blood monocytes and caused inducible
IL-6 release from human umbilical vein endothelial cells (HU-VEC). B, intestinal macrophages do not release TNF-« in response to stimulation with LPS or H.
pylori urease. Intestinal macrophages (2 X 10%/ml) cultured with increasing concentrations of rough LPS, smooth LPS, or H. pylori urease did not release
detectable TNF-, in sharp contrast to autologous blood monocytes, which released high levels of TNF-a in response to each stimulus. G, intestinal macrophage
cytokine mRNA levels are sharply reduced compared with the levels in blood monocytes. Cytokine mRNA levels, determined by Affymetrix gene array analysis,
were significantly lower in resting intestinal macrophages compared with autologous, unstimulated monocytes (G, left panel); mRNA levels did not increase in
intestinal macrophages following LPS treatment but increased sharply in LPS-stimulated blood monocytes (C, right panel). Data are from representative

experiments (n = 3) (***, p < 0.001; **, p < 0.01; *, p < 0.05).

donors (Fig. 1C, left panel). In addition, LPS-treated intestinal
macrophages displayed a profound inability to up-regulate
cytokine gene expression for IL-13 (p < 0.02), IL-6 (p < 0.001),
IL-8 (p < 0.05), TNF-« (p < 0.02), IL-10 (p < 0.03), and TGF-
(p <0.003) compared with LPS-stimulated monocytes (Fig. 1C,
right panel). Thus, intestinal macrophages do not respond to
either smooth LPS, even in the presence of sCD14, or rough
LPS, indicating that intestinal macrophages either do not
express TLR4 and/or MD-2 or have aberrant downstream sig-
naling in the NF-«B activation pathway.

Intestinal Macrophages Express TLR4but Not M D-2, and MD-2
Transfection Does Not Restore LPS Responsiveness—
Consistent with our previous finding that intestinal macro-
phages do not express CD14 protein or mRNA (2, 3), intestinal
macrophages expressed reduced mRNA levels of transcription
factors involved in CD14 promoter activation, including
CEPBa, CEPBB (p < 0.03), and Sp1, compared with autologous
blood monocytes (Fig. 24). These findings implicate down-reg-
ulation of CD14 expression in intestinal macrophages at the
level of the CD14 promoter. In addition, intestinal macro-
phages expressed low levels of TLR4 protein (Fig. 2B), in keep-
ing with our earlier report that they express TLR4 transcripts
(2), but did not express detectable MD-2 protein or mRNA (p <
0.01) (Fig. 2B), even after stimulation (p < 0.04) (data not
shown). Importantly, monocyte-derived macrophages cultured
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for up to 5 days in vitro did not acquire the phenotype of intes-
tinal macrophages (supplemental Fig. 1B). Moreover, TLR4-
MD-2-transfected intestinal macrophages, 4% of which
expressed both TLR4 and MD-2 (Fig. 2C, inset, and sup-
plemental Fig. 2), did not release detectable levels of inducible
TNF-aq, IL-6, or IL-8 in response to rough LPS (Fig. 2C, left
panel). In contrast, control intestinal macrophages spiked with
4% monocytes (as well as HEK293 cells transfected to express
TLR4 and MD-2, data not shown) produced substantial levels
of cytokine following LPS exposure (Fig. 2C, right panel).
Intestinal Macrophages Express TLRs but Do Not Release
Inflammatory Cytokines after Exposure to TLR Ligands—To
establish whether the inflammation anergy of intestinal macro-
phages extends to other TLR-specific ligands, we characterized
primary intestinal macrophages for TLR expression and TLR-
mediated cytokine responses. Intestinal macrophages ex-
pressed TLR3 and TLR5-9 comparable with (or greater than)
the expression levels for autologous blood monocytes (Fig. 34
and Table 1), yet did not release detectable TNF-«, [FN-q, IL-8,
and IL-10 (Fig. 3B) or IL-1, IL-6, or IFN-B in response to TLR-
specific ligands in the presence or absence of IFN-v, anti-IL-10,
or anti-IL-4 antibodies (data not shown). In sharp contrast,
autologous blood monocytes stimulated with the same ligands
released large amounts of TNF-a, IFN-a via poly(I-C) stimula-
tion of TLR3 (Fig. 3B, upper panel inset), IL-8, and IL-10 (Fig.
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3B), as well as IL-1 and IL-6 (data not shown). Thus, compared pro-inflammatory and regulatory cytokines. Because TLR1-9
with blood monocytes, intestinal macrophages are profoundly  (excluding TLR3) share the MyD88-dependent signaling pathway,
and globally down-regulated for the production of an array of ~whereas TLR3 and TLR4 signal through a MyD88-independent
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TABLE 1

TLR expression by human intestinal macrophages and autologous

blood monocytes

Intestinal Macrophages Exhibit Dysregulated NF-kB and
Smad Signaling—To determine whether the inability of intes-

Intestinal macrophages

Blood monocytes

tinal macrophages to release inducible cytokines was due to
ineffective translocation of NF-«B into the nucleus where it

TLR

Mean” S.E. Mean S.E.
TLR1 1.42 0.48 1.15 0.03 0.29
TLR2 1.08 0.048 6.35 1.72 0.001
TLR3 79.92 9 67.1 11.28 0.165
TLR4 5.8 1.76 21.3 4.32 0.0001
TLR5 45.2 12.28 48.1 10.68 0.422
TLR6 17.2 4.12 6.3 2.52 0.022
TLR7 39.1 15.8 93.1 4.96 0.015
TLR8 63.9 18.9 58.1 13.5 0.405
TLR9 59.3 13.28 71.88 15.32 0.242

binds to target promoters, we first examined intestinal macro-
phages and autologous blood monocytes for phosphorylated
NE-kB (p-NF-kB p65). Intestinal macrophages did not express
constitutive or LPS-inducible p-NF-kB p65 (Fig. 44). In con-
trast, NF-«kB was rapidly phosphorylated in LPS-stimulated
blood monocytes, achieving within 5 min maximal expression

“ Mean percentage of positive cells (n = 6) is shown.

that was maintained for up to 30 min (Fig. 44). We next exam-
ined intestinal macrophages and autologous blood monocytes
for the ability to translocate cytoplasmic NF-kB into the

pathway involving the adapter protein TRIF, we next determined
whether the inflammation anergy of intestinal macrophages is due
to dysregulated NF-«B activation pathways.
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nucleus. Cells were treated with LPS, and cytoplasmic and
nuclear preparations were monitored for p50. Blood monocytes
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FIGURE 4. Intestinal macrophages do not phosphorylate NF-«B p65 or translocate NF-«B p50 into the nucleus. 4, intestinal macrophages and autologous
blood monocytes were stimulated with smooth LPS (1 wg/ml) for 5, 15, 30, or 60 min, and NF-«B p65 phosphorylation was assessed by flow cytometry.
B, nuclear transport of NF-«kB p50 was determined by comparison of NF-«B p50 levels in nuclear cell extracts by ELISA after exposure to LPS (1 pg/ml). Levels
of nuclear NF-«B p50 were significantly lower in intestinal macrophages than blood monocytes at each time point, p < 0.006. C, intestinal macrophages and
autologous blood monocytes (10 X 10/ml) were incubated for 0 or 30 min with smooth LPS (1 ug/ml), and extracts were analyzed for MyD88-dependent and
-independent NF-«B from signal proteins by Western blot (A). D, macrophages were also analyzed for Smad signal proteins by Western blot. Data are from a

representative experiment (n = 3) (**, p < 0.01; *, p < 0.05).

displayed a progressive increase in nuclear NF-«B p50, whereas
intestinal macrophage nuclear levels of NF-«B p50 did not
change after exposure to LPS (Fig. 4B). Moreover, nuclear
NEF-kB p50 levels were significantly lower in intestinal macro-
phages compared with blood monocytes at each time point
(p < 0.006). These findings indicate that intestinal macro-
phages neither activate NF-«B nor translocate NF-«B into the
nucleus in response to bacterial LPS.

We next investigated whether the inability of intestinal
macrophages to activate NF-«B was due to dysfunctional ele-
ments in the NF-«B activation pathway. Intestinal macro-
phages did not express or expressed barely detectable levels of
the adapter proteins MyD88 and TRIF and the MyD88 down-
stream target TRAF6 in the absence or presence of LPS, in
sharp contrast to the strong constitutive expression of these
proteins in autologous monocytes (Fig. 4C). Importantly, intes-
tinal macrophages expressed but did not phosphorylate IkBa
(Fig. 4C), the negative regulator of NF-«B, whereas monocytes

JUNE 18, 2010+VOLUME 285+-NUMBER 25

constitutively expressed and rapidly phosphorylated IkBa,
reflected in strong p-IkBa expression within 30 min of LPS
exposure (Fig. 4C). Thus, intestinal macrophages are incapable
of transducing a signal through the NF-«B pathway.

Having previously shown that intestinal macrophages
express TGF-PB receptors I and II (1) and that stromal TGF-f3
differentiates blood monocytes into cells with the phenotype
and function profile of noninflammatory intestinal macro-
phages (3), we examined intestinal macrophages for Smad pro-
teins, the TGF- receptor substrates that propagate the TGF-f3
signal. Smad4, a critical component of the TGF-f3 signal cas-
cade that associates with the phosphorylated heterodimeric
Smad2/3 complex and then translocates into the nucleus to
initiate gene transcription, was present in the cytoplasm of both
intestinal macrophages and blood monocytes and in the nuclei
of freshly isolated unstimulated intestinal macrophages (Fig.
4D), consistent with active TGF-B signaling in intestinal
macrophages. In addition, intestinal macrophages did not

JOURNAL OF BIOLOGICAL CHEMISTRY 19599



Human Intestinal Macrophages Lack TLR Signaling

r  MYD88
IRAK1

MyD88-
Dependent

IRAK4
TRAF6
SOCs1

BTK

“ TRIF

MyD88-
Independent

TRAM

SARM

- IkBa

NF-kB p105

p65

!
-10 0 10 20

Fold Difference
(monocytes vs macrophages)

FIGURE 5. Gene expression for MyD88 signal pathway proteins in intesti-
nal macrophages. Affymetrix gene array analysis showed undetectable or
markedly reduced levels of mMRNA for MyD88, the NF-«B components (p105
and p65), and Bruton agammaglobulinemia tyrosine kinase, IRAK1, and IRAK4
genes in intestinal macrophages compared with autologous blood mono-
cytes but increased mRNA levels for SARM, SOCS1, and TRAF6 in the macro-
phages (***, p < 0.001; *, p < 0.05).

express cytoplasmic Smad7 (Fig. 4D), the inhibitor of Smad2/3
phosphorylation (20, 21), thereby preventing the nuclear trans-
location of the Smad2/3-Smad4 complex. The nuclear control
p53 was also present at reduced levels in nuclear preparations
from intestinal macrophages compared with blood monocytes
despite equal protein loading. In this context, p53 mRNA
expression was reduced in intestinal macrophages 2.5-fold
compared with blood monocytes (data not shown). In contrast,
unstimulated blood monocytes expressed barely detectable
Smad4 and low levels of Smad7 after stimulation with LPS (Fig.
4D). The expression of nuclear Smad4, but not cytoplasmic
Smad7, indicated constitutive TGF-@ signaling in human intes-
tinal macrophages.

Genes for MyD88 Signal Pathway Proteins Are Potently
Down-regulated in Intestinal Macrophages—Intestinal macro-
phages displayed profoundly reduced mRNA levels for other
MyD88-dependent signal proteins essential for TLR-mediated
NE-kB activation, including MyD88 (p < 0.03), IRAK1 (p <
0.02), IRAK4 (p < 0.05), NF-kB p105 (p < 0.02), and NF-«B p65
(p < 0.001) (Fig. 5). The reduced mRNA expression of NF-«B
p105 (and RelB) concurs with the significantly reduced level of
NE-kB p50 protein reported here (Fig. 4B). In addition, intesti-
nal macrophages expressed reduced levels of mRNA for IRF2
(p < 0.03), but mRNA levels for IRF1 and IRF3-7 were
unchanged compared with autologous monocytes (supple-
mental Table 1). In addition, mRNA expression of the inhibitor
suppressor of cytokine signaling 1 (SOCS1) (22) is up-regulated
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(p < 0.03) and that of Bruton agammaglobulinemia tyrosine
kinase, which promotes TLR2 and TLR4 signaling (23) and
NE-kB p65 phosphorylation (24), is reduced (p < 0.05) in intes-
tinal macrophages compared with that of blood monocytes
(25). These findings suggest that the inability of intestinal
macrophages to activate NF-«B is dysregulated transcription-
ally at multiple steps in the MyD88-dependent NF-«kB signal
pathway. Also, mRNA expression for TRIF was not lower in
intestinal macrophages compared with blood monocytes, but
the level of TRIF-related adapter molecule mRNA was sharply
reduced (p < 0.001) and that of sterile and Armadillo motif-
containing protein (SARM), the inhibitor of TRIF/TRIF-re-
lated adapter molecule MyD88-independent signaling (26), was
markedly increased (p < 0.04) in the macrophages (Fig. 5).
These findings suggest that the inability of intestinal macro-
phages to release IFN-a and TNF-« through TLR3- and TLR4-
mediated MyD88-independent TRIF signaling may be dysregu-
lated transcriptionally and through the expression of the SARM
inhibitor. Importantly, mRNA levels for IkBe, although lower
than in blood monocytes, were not significantly reduced (p <
0.29) (Fig. 5), which is consistent with our finding that intestinal
macrophages constitutively express [kBa (Fig. 4).
Stroma-derived TGF-[3 Dysregulates NF-kB Nuclear Trans-
port and IkBa Phosphorylation in Blood Monocytes—Stromal
factors, including TGF-B, down-regulate monocyte cytokine
production, inducing the inflammation anergy characteristic of
intestinal macrophages (3). We now show that stromal prod-
ucts also down-regulate monocyte cytokine (TNF-a and
RANTES) release in response to TLR-specific ligands (Fig. 6A).
Because NF-«B inactivation is the likely cause of the inflamma-
tion anergy in intestinal macrophages, and blood monocytes
are the exclusive source of intestinal macrophages (1), we inves-
tigated whether stromal TGEF-f inactivates NF-«B in blood
monocytes. Confocal microscopy showed that NF-«B p65 was
located predominantly in the cytoplasm in unstimulated mono-
cytes, in the nuclei of LPS-stimulated monocytes (Fig. 6B, upper
panels), and in the presence of S-CM alone (supplemen-
tal Fig. 3A); moreover, when the cells were preincubated with
S-CM, LPS-stimulated NF-«B translocation into the nuclei was
almost completely blocked (Fig. 6B, upper panels). Fluores-
cence intensity analysis confirmed that NF-«kB distributed pri-
marily to the cytoplasm in unstimulated cells and the nucleus in
LPS-stimulated cells and remained predominantly in the cyto-
plasm in stimulated cells pretreated with S-CM (Fig. 6B, lower
panels). Consistent with this interpretation, NF-«B remained
exclusively in the cytoplasm of intestinal macrophages in each
condition (Fig. 6B, insets). S-CM blockade of the nuclear trans-
location of NF-«B was independent of the stimulus (macroph-
age-colony-stimulating factor (M-CSF), LPS, H. pylori urease,
and IFN-v), and importantly, S-CM-mediated inhibition of
nuclear translocation was reversed when the S-CM was prein-
cubated with anti-TGF-B antibodies (Fig. 6C) but not inhibited
when S-CM was preincubated with irrelevant antibody
(supplemental Fig. 3B). These findings indicate that among the
stromal products, TGF-f is critical for the down-regulation of
NE-kB activation. In addition, fluorescence-activated cell
sorter analysis of isolated cells showed that intestinal macro-
phages did not phosphorylate IkBa and that preincubation of
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FIGURE 6. Stromal factors down-regulate NF-kB translocation and IkBa phosphorylation in blood monocytes. A, intestinal macrophages and blood
monocytes (2 X 10%/ml), the latter cultured in the presence or absence of S-CM (500 ug protein/ml), were incubated with or without specific TLR ligands for
18 h, and culture supernatants were assayed for TNF-aeand RANTES (inset). Values are the means = S.E. (n = 4). B, blood monocytes and intestinal macrophages
incubated in media alone, in media plus smooth LPS (1 wg/ml, 1 h), or treated with S-CM (500 wg/ml, 1 h) and then LPS were analyzed for NF-kB nuclear
translocation by immunofluorescence and confocal microscopy (upper panels) and fluorescence intensity (lower panels: green line, NF-kB p65; blue line,
nucleus). NF-«B localized predominantly to the cytoplasm of untreated monocytes (left panel) and translocated into the nucleus after LPS treatment (middle
panel) but did not translocate when the cells were treated with S-CM prior to the LPS (right panel). NF-kB remained exclusively in the cytoplasm of intestinal
macrophages (insets) in each condition. Histograms show distribution of NF-«B (green line) in relation to the nucleus (blue line). C, anti-TGF- antibodies block
S-CM down-regulation of stimulus-driven nuclear translocation of NF-«B in blood monocytes. Blood monocytes preincubated with M-CSF (10 ng/ml) (or LPS,
H. pylori urease, or IFN-v, data not shown) display nuclear NF-«B (left panel), whereas preincubation of M-CSF-pulsed monocytes with S-CM (100 w.g/ml)
inhibited nuclear translocation of NF-«B (middle panel). However, preincubation of M-CSF-pulsed monocytes with S-CM plus anti-TGF-g antibodies (25 pg/ml)
reversed S-CM down-regulation of the stimulus-driven nuclear translocation of NF-«B (right panel). Data are representative of a single experiment for each
stimulus (n = 4). Histograms depict NF-«B distribution, as described in B. D, expression and phosphorylation of IkBa in intestinal macrophages and monocytes
by flow cytometry. Intestinal macrophages, unlike blood monocytes, did not phosphorylate IkBa after stimulation with LPS, and monocyte phosphorylation of
IkBa was inhibited by pretreatment of the cells with S-CM (250 ng/ml). E, expression and phosphorylation of IkBa and Smad2 in intestinal macrophages and
blood monocytes. Intestinal macrophages expressed constitutive [kBa but did not phosphorylate IkBa. Blood monocytes also expressed constitutive IkBa but
did phosphorylate IkBa after LPS stimulation, and phosphorylation was inhibited by pretreatment of the cells with S-CM. However, S-CM inhibition of inducible
IkBa phosphorylation in blood monocytes was reversed when the S-CM (250 ug/ml) was preincubated (1 h) with anti-TGF-B antibodies (25 ug/ml). Coincident
with blockade of inducible IkBa phosphorylation in monocytes, exposure of the monocytes to S-CM prior to stimulation caused a sharp increase in IkBa, which
also was reversed when the S-CM was preincubated with anti-TGF-B antibodies. Intestinal macrophages expressed, but did not phosphorylate, Smad2. Blood
monocytes expressed Smad2 but did not express phosphorylated Smad2 in medium alone, or after LPS stimulation, but in the presence of TGF-3 alone (100
ng/500 wl), S-CM alone (250 pg/500 wl), or S-CM + LPS, monocytes expressed phosphorylated Smad2. The S-CM induction of phosphorylated Smad2 was
blocked by pretreatment of S-CM with anti-TGF-B antibodies. Data are representative of three independent experiments (n = 3). rh, recombinant human.

monocytes with S-CM inhibited the ability of the cells to phos- macrophages. S-CM also induced an increase in inducible IkBa

phorylate IkBa (Fig. 6D). A similar inhibition was observed by
Western blot analysis of cell extracts, and this inhibition was
reversed when the S-CM was preincubated with anti-TGF-f3
antibodies, further implicating stroma-derived TGF-f in the
dysregulated nuclear translocation of NF-«B in intestinal
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expression in monocytes that was partially reversed by TGF-3
antibodies (Fig. 6E). Thus, stromal TGF-f inhibition of IkBa
phosphorylation, leading to increased levels of the cytoplasmic
NE-kB inhibitor I«Be, indicates an additional mechanism for
the stromal inactivation of NF-kB in monocytes newly
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recruited to the mucosa. Finally, both intestinal macrophages
and blood monocytes expressed, but did not phosphorylate,
Smad2. However, in the presence of S-CM alone or S-CM plus
LPS, monocytes expressed phosphorylated Smad2. Further-
more, in the presence of S-CM preincubated with anti-TGF-f3
antibodies, this phosphorylation was abrogated, implicating a
role for stroma-derived TGF-B in the down-regulation of
monocyte pro-inflammatory function (Fig. 6E). These findings
were corroborated by additional experiments with control
monocytes and monocyte-derived macrophages treated with
recombinant human TGF-S.

DISCUSSION

In contrast to macrophages in other tissues, resident macro-
phages in normal human intestinal mucosa do not express
many innate response receptors, including CD14 and FcaR,
and are down-regulated for the production and release of pro-
inflammatory cytokines in response to LPS and IgA (2, 3). This
phenotype has been shown to persist for at least 2 months (3).
Here, we show that intestinal macrophages express TLRs but
do not release TLR-inducible cytokines (even in the presence of
exogenous CD14, after transfection with MD-2, or following
pretreatment with IFN-vy), implicating ineffective downstream
signaling as the mechanism of the inflammation anergy char-
acteristic of intestinal macrophages. Consistent with the latter
conclusion, intestinal macrophages do not phosphorylate
NE-kB p65 or translocate cytoplasmic NF-«kB p50 into the
nucleus.

Two lines of evidence provide an explanation for the inability
of intestinal macrophages to activate NF-«B. First, intestinal
macrophages expressed undetectable MyD88 and markedly
reduced TRIF adapter proteins, as well as reduced signal pro-
tein TRAF6. However, the cells expressed increased levels of
mRNA for SOCS1, which promotes the degradation of MAL
(MyD88 adaptor-like protein) (22), and SARM, which inhibits
TRIF signaling (26). MyD88 is a critical element in the NF-«B
activation pathway of all TLRs except TLR3, and TRIF mediates
TLR3-induced RANTES and IFN-B production, as well as
TLR4-mediated MyD88-independent signaling (27). Thus, the
blockade of MyD88-dependent and -independent NF-«B sig-
naling causes ineffective TLR-mediated responses in intestinal
macrophages. Second, intestinal macrophages displayed con-
stitutive Smad signaling, reflected in the presence of nuclear
Smad4 and the absence of cytoplasmic Smad7 inhibitor in the
cells, albeit intestinal macrophages did constitutively express
p-Smad2. In support of active Smad signaling, intestinal macro-
phages expressed constitutive IkBa and did not phosphorylate
IkBa for proteosomal degradation, allowing continuous cyto-
plasmic sequestration of NF-«B, thereby blocking pro-inflam-
matory cytokine gene transcription. Intestinal macrophages
were similarly unable to activate NF-kB through mitogen-acti-
vated protein kinase (MAPK) pathways involving p-p38,
p-ERK, or p-JNK,* pathways dependent on TRAF6 (28). Fur-
thermore, inhibition of NF-«B activation in intestinal macro-
phages would also explain the inability of the cells to respond to
phorbol myristate acetate (3) and to express TREM-1 (9, 10),

4 L. E. Smythies, manuscript in preparation.
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which are transcriptionally regulated by NF-«B and PUI (29).
Thus, ineffective NF-«B signaling in intestinal macrophages
and TGEF-B-mediated Smad-induced IkBa up-regulation
together provide a mechanism for the inflammation anergy of
intestinal macrophages.

Unlike murine intestinal macrophages, which are
CD11b*CD11c™ and capable of constitutive and TLR-induci-
ble IL-10 release (30), human intestinal macrophages are
CD11b CD1lc™ (3) and release neither constitutive nor
inducible IL-10. Intestinal macrophages also did not release
inducible pro-inflammatory cytokines when cultured with anti-
bodies to IL-10 (or IL-4). Notwithstanding the important role
of IL-10 as a key immunoregulatory cytokine in the mucosa
(31, 32), our findings indicate that humans and mice may
regulate intestinal macrophage responsiveness by different
mechanisms.

Pro-inflammatory blood monocytes, which constitutively
express TGF-BRI, -II, and the IL-8 receptors CXCR1,2, are
potently recruited by stromal TGF-$ and IL-8 (1). Once the
cells have entered the lamina propria, our in vitro studies (3)
suggest that stroma-associated products, in particular TGF-f,
induce the monocytes to undergo rapid NF-«B inactivation and
inhibition of TLR-mediated signal transduction, leading to
down-regulated pro-inflammatory, but not host defense, func-
tion. Therefore, we investigated whether products derived from
intestinal stroma induce in blood monocytes, the cells from
which intestinal macrophages are derived, dysregulated NF-«B
signaling similar to that of intestinal macrophages. As we show
here, stromal TGF- B inhibited the phosphorylation of IkBaand
the nuclear transport of NF-«B p65 in monocytes while induc-
ing the phosphorylation of Smad2.

Dysregulated Smad signaling appears to play an important
role in inflammatory bowel disease, where overexpression of
Smad7 (33) promotes defective Smad2/3 phosphorylation,
diminished Smad signaling (34), and reduced IkBa expression,
leading to constitutive NF-«B-dependent gene transcription
with sustained NF-kB activation and increased synthesis of
pro-inflammatory cytokines (35). Our findings provide a new
framework for understanding the discordant NF-«B signaling
in inflammatory bowel disease. In contrast to the overexpres-
sion of Smad7, which promotes NF-kB signaling in the
inflamed mucosa, Smad7 in normal intestinal macrophages is
underexpressed and not inducible, leading to persistent IkBa
expression and unavailable NF-«B p50/p65 for cytokine gene
transcription.

As discussed by Hayden and Ghosh (36), the inducible regu-
lation of gene expression through NF-«B activation is a funda-
mental element of normal physiology, allowing the host to avert
an array of challenges, including microbial perturbation. The
findings presented here extend this concept by showing that
macrophages in normal human intestinal mucosa are pro-
foundly down-regulated for NF-«B activation, a feature that
likely evolved as a selective advantage to limit bacterially
induced intestinal inflammation (37). However, intestinal
macrophages maintain powerful host defense function, includ-
ing avid phagocytic and bacteriocidal activities (3). Consistent
with these findings, S-CM inhibited blood monocyte NF-kB
activation but not phagocytic or bacteriocidal activity for Esch-
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erichia coli or S. typhimurium (3). Thus, the notion that “mis-
regulation” of NF-kB is associated exclusively with certain
inflammatory, immunodeficiency, and cancer-related diseases
(38, 39) is modified by our finding that down-regulation of
macrophage NF-«B is associated with mucosal homeostasis in
uninflamed healthy mucosa. Supporting this concept, the gene
array analysis presented here showed profound down-regula-
tion of genes for the CD14 transcription factors CEBPq,
CEBPp, and Sp1; the LPS receptor complex components CD14,
TLR4, and MD-2, and the NF-«B family members p105 and p65
in intestinal macrophages but not blood monocytes. Gene
expression for the signal proteins IRAK1 and -4 also was down-
regulated, whereas gene expression for the inhibitors SARM
and SOCSI1 was increased. Thus, the inactivation of NF-kB in
intestinal macrophages appears to be the consequence of dys-
regulated genetranscription for multiple proteinsin the MyD88-
dependent signaling cascade. Consistent with these findings,
MyD88 mRNA levels were also reduced in intestinal macro-
phages, and TRAF6 mRNA expression was unchanged in these
cells, but the corresponding proteins were not detectable.

The inability of intestinal macrophages to express CD14 pro-
tein or mRNA challenges the concept that CD14 expression is a
function of monocyte differentiation into tissue macrophages.
In this connection, the gene array studies presented here sug-
gest that the absence of CD14 on intestinal macrophages is
regulated at the level of gene transcription and is not the con-
sequence of enzymatic digestion of surface glycoproteins.
Moreover, the parallel down-regulation of message for CEBPa
and CEBPf3, transcription factors that activate the promoter for
CD14 (40), and Sp1, a transcription factor that regulates tissue-
specific expression of the CD14 promoter (41), suggests the
regulatory elements that control CD14 promoter activity are
involved in the down-regulation of CD14 expression in intesti-
nal macrophages. However, the inability of intestinal macro-
phages to respond to LPS in the presence of exogenous CD14
excludes dysregulated CD14 as the exclusive cause of the LPS
unresponsiveness. Furthermore, the expression of TLR3 and
TLR5-9 in intestinal macrophages indicates that impaired
TLR expression does not account for the inflammation
anergy in intestinal macrophages. Rather, the inability of
intestinal macrophages to activate NF-kB, mediated through
dysregulated NF-«B signal proteins and Smad-mediated
IkBa expression, endow intestinal macrophages with
inflammation anergy.

In summary, we show here that the profound inflammation
anergy of intestinal macrophages in normal intestinal mucosa is
mediated through a network of down-regulatory mechanisms.
These mechanisms effect the prompt and efficient inactivation
of NF-«B, thereby promoting the absence of inflammation in
intestinal mucosa despite the close proximity of lamina propria
macrophages to lumenal bacteria and food antigens. Thus, a
breach in mucosal (epithelial) integrity would be met by potent
host defense (phagocytic and bacteriocidal) activity but not an
inflammatory response in the normal intestinal mucosa. These
findings provide new insight into tissue homeostasis in normal
intestinal mucosa and suggest a new perspective from which to
experimentally address the regulation of inflammation in
mucosal diseases of the human small intestine.
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