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Human peripheral blood contains antigen-presenting cells (APC), including dendritic cells (DC) and monocytes, that may en-
counter microbes that have translocated from the intestine to the periphery in disease states like HIV-1 infection and inflamma-
tory bowel disease. We investigated the response of DC and monocytes in peripheral blood mononuclear cells (PBMC) to a panel
of representative commensal enteric bacteria, including Escherichia coli, Enterococcus sp., and Bacteroides fragilis. All three bac-
teria induced significant upregulation of the maturation and activation markers CD40 and CD83 on myeloid dendritic cells
(mDC) and plasmacytoid dendritic cells (pDC). However, only mDC produced cytokines, including interleukin-10 (IL-10), IL-
12p40/70, and tumor necrosis factor alpha (TNF-a), in response to bacterial stimulation. Cytokine profiles in whole PBMC dif-
fered depending on the stimulating bacterial species: B. fragilis induced production of IL-23, IL-12p70, and IL-10, whereas E.

coli and Enterococcus induced an IL-10-predominant response. mDC and monocyte depletion experiments indicated that these
cell types differentially produced IL-10 and IL-23 in response to E. coli and B. fragilis. Bacteroides thetaiotaomicron did not in-
duce levels of IL-23 similar to those of B. fragilis, suggesting that B. fragilis may have unique proinflammatory properties among
Bacteroides species. The addition of recombinant human IL-10 to PBMC cultures stimulated with commensal bacteria abrogated
the IL-23 response, whereas blocking IL-10 significantly enhanced IL-23 production, suggesting that IL-10 controls the levels of
IL-23 produced. These results indicate that blood mDC and monocytes respond differentially to innate stimulation with whole
commensal bacteria and that IL-10 may play a role in controlling the proinflammatory response to translocated microbes.

C ommensal bacteria contribute to the normal microflora that
reside on epithelial surfaces such as the gastrointestinal tract,
which is a major area of bacterial colonization (20). Enteric bac-
teria are sequestered within the lumen of the intestine by the in-
testinal epithelial barrier, as well as by factors such as secretory IgA
(50), mucus (32), and bacterium-reactive CD4" T cells in the
lamina propria (LP) (25). Enteric bacteria within the intestinal
lumen are well tolerated. However, if bacteria escape from the
lumen into the systemic circulation, they may proliferate and
cause disease, such as sepsis in immunocompromised hosts (35).
Therefore, the host immune system must maintain a delicate bal-
ance in which commensal bacteria are tolerated in certain loca-
tions, like the gut lumen, yet are quickly contained if found be-
yond these environments.

The process of bacterial escape from the lumen of the intestine
into the underlying mucosal tissue and ultimately into the periph-
ery is known as microbial translocation. This process occurs in
diseases characterized by intestinal inflammation and epithelial
barrier breakdown, such as inflammatory bowel disease (IBD)
and human immunodeficiency virus type 1 (HIV-1) infection,
allowing microbial products to enter the LP, lymph nodes, and
peripheral blood (6, 8). Indeed, bacterial products, such as bacte-
rial lipopolysaccharide (LPS) and bacterial 16S ribosomal DNA,
are increased in the blood of patients with HIV-1 infection and are
associated with T cell activation (7, 29, 39). Translocation of whole
enteric bacteria and bacterial products from the gut into the LP,
peripheral lymph nodes, and liver has been demonstrated in sim-
ian immunodeficiency virus (SIV)-infected macaques, an animal
model of HIV infection (16). Thus, immune cells in the periphery
may encounter whole, translocated bacteria as well as bacterial
products, and the subsequent response could be a factor contrib-
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uting to the systemic immune activation and inflammation char-
acteristic of HIV-1 infection. However, the manner in which cir-
culating microbes and microbial products induce systemic
inflammation and, in particular, activation of the innate immune
cells in peripheral blood remains poorly characterized.

Dendritic cells (DC) are the most potent antigen-presenting
cells (APC) in the immune system. They are unique in their ability
to bridge innate and adaptive immunity by sensing antigen
through innate receptors and presenting this antigen to adaptive
immune cells (5, 27). Innate recognition of microbes by DC oc-
curs when conserved viral or bacterial motifs, known as microbe-
associated molecular patterns (MAMP), bind to specific pattern
recognition receptors (PRR), such as Toll-like receptors (TLR)
expressed by the DC. The two major subsets of human blood DC
are plasmacytoid DC (pDC) and myeloid DC (mDC). pDC ex-
press TLR7 and -9 and produce mainly alpha interferon (IFN-a)
in response to stimulation (26, 27). mDC express TLR1 to TLR8
(except TLR7) and produce multiple cytokines, including those of
the interleukin-12 (IL-12) family, upon stimulation (27, 28, 30).
Human blood monocytes, another class of APC, also express
TLR1 to TLR8 (except TLRs 3 and 7) (27, 30) and are able to
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produce cytokines in response to stimulation, including tumor
necrosis factor alpha (TNF-a), IL-6, IL-10, and IL-12 (2, 27, 30).

Previous studies utilizing monocytes, monocyte-derived DC,
purified DC, total peripheral blood mononuclear cells (PBMC),
or whole blood have demonstrated that pathogenic (15, 17, 40, 48,
53) and commensal bacteria, both probiotic (18, 21, 33, 41, 49)
and nonprobiotic (3, 4, 22-24, 31, 54), can induce cytokines that
include IL-10 and IL-12p70. However, few studies have examined
and compared the responses of human blood DC and monocytes
within total PBMC to whole, commensal enteric bacteria, which
may be present during microbial translocation. Understanding
the capacity of blood APC subsets to respond to bacterial stimu-
lation under normal conditions could help guide future studies
investigating the response of these cells in different disease states.

In this report, we measured the cytokine response of total
PBMC, as well as specific DC subsets and monocytes within
PBMC, from healthy human subjects to stimulation with a panel
of whole, enteric commensal bacteria (14). The panel of bacteria
used in these studies constitute phyla found to be overrepresented
in human mucosal biopsy specimens and therefore might be most
likely to translocate into the periphery in the setting of intestinal
epithelial barrier breakdown (19). We observed that each of the
enteric bacteria tested induced distinct cytokine profiles from
blood mDC and monocytes, as well as in total PBMC. Finally, we
observed that the ability of PBMC to respond in a proinflamma-
tory manner to bacteria was controlled by the production of the
anti-inflammatory cytokine IL-10, produced largely by mono-

cytes.

MATERIALS AND METHODS

Study participants. Peripheral blood samples were obtained from 25
healthy adults (16 females and 9 males) with a median age of 31 years
(range, 23 to 53 years) who voluntarily gave written informed consent.
Collection of peripheral blood samples was approved by the Colorado
Multiple Institutional Review Board (COMIRB) at the University of Col-
orado, Anschutz Medical Campus.

Collection and preparation of human PBMC. After collection of pe-
ripheral blood into heparinized Vacutainers, whole blood was spun down
at 1,700 rpm for 10 min in order to remove plasma. PBMC were isolated
after the removal of plasma by standard Ficoll-Hypaque (Amersham Bio-
sciences, Piscataway, NJ) density gradient centrifugation as described pre-
viously (11, 12, 25). PBMC were used in assays immediately following
isolation.

Whole-bacterium preparations. Intact Escherichia coli (Proteobacte-
ria phylum), Enterococcus species (sp.) (Firmicutes phylum), and Bacte-
roides fragilis and Bacteroides thetaiotaomicron (Bacteroidetes phylum)
were used to stimulate PBMC. E. coli stocks were obtained from the Amer-
ican Type Culture Collection (ATCC 25922; Manassas, VA). Enterococcus
sp. was isolated from human mucosal tissue and typed by the Clinical
Microbiology Laboratory at the University of Colorado Hospital as pre-
viously described (25). Enterococcus sp. was expanded by incubation in
RPMI medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS; Sigma-Aldrich, St. Louis, MO) at 37°C with a 5% CO,
atmosphere. E. coli was either expanded as with Enterococcus sp. or by
plating on brain heart infusion (BHI) agar (BD Diagnostics, Sparks, MD)
followed by incubation at 37°C for 1 day. B. fragilis and B. thetaiotaomi-
cron stocks (ATCC strains 25285 and 29741, respectively) were obtained
from the Clinical Microbiology Laboratory or directly from the ATCC
and were expanded by culturing on brucella plates (BD Diagnostics) and
incubated at 35° to 37°C for 2 days under anaerobic conditions, achieved
by using a BD GasPak EZ Anaerobe Pouch System (BD Diagnostics). In
addition, a mutant B. fragilis strain defective in polysaccharide A (PSA)
expression (B. fragilis APSA) and the corresponding wild-type (WT)
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strain (both generous gifts from S. Mazmanian, California Institute of
Technology, Pasadena, CA) were expanded at 35°C under anaerobic con-
ditions on brucella plates. All bacteria were heat treated for 2 h at 56°C and
then washed and resuspended in Dulbecco’s phosphate-buffered saline
(DPBS) in order to inhibit their growth prior to incubation with cells. The
total number of bacterial cells was assessed by diluting samples in trypan
blue (Sigma-Aldrich) and determining counts on a hemocytometer at
least twice. The bacteria were then frozen at stock concentrations of 3 X
10°/ml in DPBS.

In vitro stimulation of PBMC. Immediately after Ficoll separation,
PBMC were resuspended at 2 X 10° cells/ml in complete medium (CM)
consisting of RPMI medium (Invitrogen) supplemented with 1% penicil-
lin-streptomycin-L-glutamine (Sigma-Aldrich) and 10% human AB se-
rum (HS, Gemini Bioproducts, West Sacramento, CA). Cells were incu-
bated at 37°C in a humidified 5% CO, atmosphere for 18 to 24 h with
either heat-treated E. coli, Enterococcus sp., B. fragilis, B. fragilis APSA, or
B. thetaiotaomicron at aratio of 1 PBMC to 5 bacterial cells or with 5 pg/ml
CL097, a derivative of the imidazoquinoline compound R848 (TLR7/
TLR8 ligands; InvivoGen, San Diego, CA), as a positive control or with
medium alone. For assessment of intracellular cytokines, 1 pg/ml Golgi
plug (brefeldin A; BD Biosciences, San Jose, CA) was added 1 h after
PBMC were placed into culture. For assessment of secreted cytokines,
culture supernatants were collected after 20 to 24 h of cell culture in the
absence of Golgi plug and frozen at —20°C. Prior to cell collection, 10
pg/ml DNase I (Sigma-Aldrich) was added for 5 min at 37°C to dissociate
cell clumps.

In vitro stimulation of mDC-depleted and monocyte-depleted cul-
tures. The majority of blood mDC have been shown to be BDCA-17
(CDI1c"), and a small population was shown to be BDCA-3" (CD141%)
(13). Therefore, to deplete PBMC of mDC, PBMC were labeled with a
cocktail of biotin-BDCA-1 and biotin-BDCA-3, followed by antibiotin
microbeads (all from Miltenyi Biotec, Auburn, CA). FcR blocking reagent
(Miltenyi Biotec) was used to limit nonspecific binding through Fc recep-
tors. The cells were run over LS Columns (Miltenyi Biotec) twice to in-
crease the purity of the mDC-depleted fraction. In order to control for the
effect of the magnetic column, unlabeled PBMC were also run through an
LS Column twice and used as control total PBMC. The median percentage
of mDC (negative for a lineage cocktail consisting of CD3, CD14, CD16,
CD19, CD20, and CD56 [lineage cocktail "] and expressing HLA-DR™,
CD11c™, and low levels of CD123 [CD123'°%]) in the total PBMC control
was 0.37% (range, 0.24 to 0.56%). The median percentage of mDC within
the mDC-depleted fraction was 0.01% (range, 0.01 to 0.03%). Total
PBMC and the mDC-depleted fraction were cultured at 2 X 10° cells/ml
in CM and stimulated with E. coli and B. fragilis as previously described.
Culture supernatants were collected after 18 to 24 h in culture and stored
at —20°C.

PBMC were depleted of monocytes by positive selection using CD14*
microbeads (Miltenyi Biotec), as per the manufacturer’s recommended
protocol. As with the mDC depletion, the monocyte-depleted and unla-
beled total PBMC control fractions were run over LS Columns twice. The
median percentage of CD14" monocytes within the total PBMC control
was 13.04% (range, 6.82 to 14.57%). The median percentage of CD14™"
monocytes within the monocyte-depleted fraction was 0.1% (range, 0.03
to 0.18%). Total PBMC and the monocyte-depleted fraction were cul-
tured at 2 X 10° cells/ml in CM and stimulated with E. coli and B. fragilis
as previously described. Culture supernatants were collected after 18 to 24
h in culture and stored at —20°C.

In vitro stimulation of monocyte-enriched cultures. PBMC were
enriched for monocytes by negative selection using a magnetic bead kit
(Monocyte Isolation Kit II; Miltenyi Biotec), as per the manufacturer’s
recommended protocol with the addition of a biotin-BDCA-1 antibody
(Miltenyi Biotec) to the provided antibody-biotin cocktail in order to
remove BDCA-1" mDC. In order to increase the purity of the enriched
monocytes, labeled cells were run over the LS Column twice. The median
percentage of CD14™ monocytes within total PBMC prior to enrichment
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was 13.4% (range, 8.29 to 21.74%). The monocyte-enriched fraction con-
tained a median of 64.39% CD14™ monocytes (range, 52.47 to 80.18%).
Enriched monocyte cultures were plated at 2 X 10° cells/ml in CM and
stimulated with E. coli and B. fragilis as previously described. Culture
supernatants were collected after 18 to 24 h of culture and stored at
—20°C.

Addition of recombinant human proteins and anti-human IL-10
antibody. In some experiments, 20 ng/ml of recombinant human IL-10
([rhIL-10] R&D Systems, Minneapolis, MN) was added to PBMC cultures
for 2 h. E. coli or B. fragilis was then added at a ratio of 1 PBMC to 5
bacterial cells for an additional 1 h. Finally, 1 p.g/ml Golgi plug was added,
and cultures were incubated for a further 16 to 19 h before collection and
used in flow cytometry assays. For supernatant collection, 20 ng/ml of
rhIL-10, rhIL-12, rhIL-23, or 10 wg/ml anti-human IL-10 antibody or
matched isotype (all from R&D systems) was added to PBMC cultures
concurrently with E. coli or B. fragilis. In dose titration experiments, a
range of 0.1 ng/ml to 20 ng/ml of rhIL-10 was added to the cultures.
Supernatants were collected after 22 to 24 h and stored at —20°C.

Antibodies for flow cytometry. In order to identify peripheral blood
DC in PBMC, the following antibodies were used: lineage cocktail (fluo-
rescein isothiocyanate [FITC]-labeled anti-CD3/CD14/CD16/CD19/
CD20/CD56), HLA-DR (allophycocyanin [APC]-Cy7 label), CDllc
(phycoerythrin [PE]-Cy5 label) (all from BD Biosciences), and CD123
(peridinin chlorophyll protein [PerCP]-Cy5.5 [BD Biosciences] or APC
[Miltenyi Biotec] label). mDC were identified as lineage cocktail™ HLA-
DR* CDI123"" CD11c", whereas pDC were identified as lineage cock-
tail - HLA-DR™ CD123"8" CD11c ™~ (where CD123"" indicates high lev-
els of CD123). Representative flow plots of the DC gating strategy are
shown in Fig. S1 in the supplemental material. This gating strategy was
also used to assess the purity of mDC-depleted fractions. To assess the
purity of monocyte-enriched fractions and monocyte-depleted fractions,
cells were stained with an antibody against CD14 (V**% BD Biosciences).
To identify maturation markers expressed on peripheral blood DC, the
following antibodies were used: biotinylated CD40 (Ancell, Bayport,
MN), streptavidin-PE-Texas Red (energy-coupled dye [ECD]; Beckman
Coulter, Fullerton, CA), and CD83 (PE label; BD Biosciences). To identify
intracellular cytokines, the following antibodies were used: IL-10 (PE la-
bel) and TNF-a (Alexa-Fluor 700) (both from BD Biosciences), IL-
12p40/70 (Pacific Blue or eFluor 450) and IL-23p19 (PE) (both from
eBiosciences, San Diego, CA), and IFN-a (APC; Miltenyi Biotec). The
recommended, appropriate isotype control antibody for each cytokine
antibody was used in each assay.

Flow cytometry protocol. Surface marker and intracellular cytokine
expression levels by DC subsets within total PBMC were assessed using
standard flow cytometric protocols as previously described (11, 12) on an
LSR-II flow cytometer (BD Immunocytometry Systems, San Jose, CA).
Briefly, to assess surface expression of activation and maturation markers,
the cells were stained with biotin anti-CD40 and FcR blocking reagent.
Next, the cells were stained with streptavidin-ECD, PE-labeled anti-
CD83, and the DC-identifying antibodies described above. The cells were
then stained with a Live/Dead Fixable Dead Cell Stain (aqua-fluorescent
reactive dye; Invitrogen), fixed in 4% paraformaldehyde (PFA; Sigma-
Aldrich), and resuspended in DPBS containing 1% bovine serum albumin
(BSA) supplemented with 2 mM EDTA (fluorescence-activated cell sort-
ing [FACS] buffer) for acquisition.

To identify intracellular cytokines, PBMC were surface stained with
the DC-identifying antibodies and then the Live/Dead Fixable Dead Cell
Stain. Next, the cells were fixed and permeabilized in Cytofix/Cytoperm
buffer (BD Biosciences) and incubated with antibodies for IL-10, IL-
12p40/70, IL-23p19, TNF-a, and IFN-« and resuspended in 0.5% PFA for
acquisition.

To assess the purity of the monocyte-enriched or -depleted fractions,
total PBMC, enriched monocytes, and monocyte-depleted cells were
stained with anti-CD14 and FcR block, stained with Live/Dead Fixable
Cell Stain, fixed in 4% PFA, and resuspended in FACS bulffer for acquisi-
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tion. To assess the purity of the mDC-deleted fractions, total PBMC and
mDC-depleted fractions were stained with the DC-identifying antibodies,
stained with Live/Dead Fixable Cell Stain, fixed in 4% PFA, and resus-
pended in FACS bulffer for acquisition.

Quality control on the LSR-II was performed daily through the Cy-
tometer Setup and Tracking component of the BD FACSDiva software
(BD Biosciences), as previously described (10). A median of 401987.5
total events (range, 67,589 to 896308 total events) was collected from
FACS experiments.

Detection of IL-23, IL-12p70, and IL-10 within culture superna-
tants. [L-12p70, IL-23, and IL-10 enzyme-linked immunosorbent assays
([ELISAs] all from eBioscience) were completed using thawed culture
supernatants following the manufacturer’s recommended protocols.
Lower detection limits were 4 pg/ml for IL-12p70, 15 pg/ml for IL-23, and
2.3 pg/ml for IL-10.

Data and statistical analysis. All flow cytometry data analysis was
performed using FACSDiva software, version 6.1.2 (BD Biosciences). Iso-
type control values were subtracted from the antibody values as appropri-
ate. Net values of the percentage of cytokine-positive cells and amount of
soluble cytokine production were calculated by subtracting the back-
ground (medium-only values) from the stimulation condition values. A
Wilcoxon matched-pairs signed rank test was used to assess induction of
cytokine production or expression of surface markers under the stimu-
lated condition relative to values with medium only. A Friedman test was
used for matched paired comparisons across multiple groups with Dunn’s
multiple comparison test performed for P values of <0.05. Statistical
analysis was performed using GraphPad Prism statistical software (ver-
sion 5.0; GraphPad Software, San Diego, CA).

RESULTS

Surface activation markers are upregulated on blood pDC and
mDC in response to stimulation with bacteria. To study the ef-
fect of enteric commensal bacteria on the maturation profile of the
two blood DC subsets, PBMC were cultured with heat-treated E.
coli, Enterococcus, or B. fragilis or with medium alone, and surface
expression levels of the maturation markers CD40 and CD83 were
analyzed on pDC and mDC within total PBMC by multiparam-
eter flow cytometry. An example of the gating strategy used to
identify the DC subsets in viable PBMC and representative flow
plots showing CD40 and CD83 expression on both mDC and pDC
after B. fragilis stimulation are shown in Fig. S1 in the supplemen-
tal material. All bacterial stimuli induced statistically significant
upregulation of CD40 expression on both pDC and mDC relative
to that observed in unstimulated cultures (Fig. 1). The extent of
the increase of CD40 varied with the species of bacteria, with E. coli
generally inducing the highest CD40 expression on both DC sub-
sets. All three bacteria induced increased frequencies of CD83™
pDC relative to unstimulated pDC although this did not reach
statistical significance for Enterococcus stimulation (P = 0.06).
Conversely, although the median percentage of mDC expressing
CD83 was increased in response to bacteria compared to the level
in the medium-only control, the increase did not reach statistical
significance for any of the bacteria (E. coli, P = 0.44; Enterococcus,
P = 0.31; B. fragilis, P = 0.09). It was noted that the frequency of
CD83" mDC markedly increased in cultures without exogenous
stimulation (medium-only control) relative to that measured di-
rectly ex vivo, resulting in high background expression, as reported
by others (36).

Bacterial stimulation of PBMC induces differential mDC cy-
tokine production. Bacterial stimulation failed to induce signifi-
cant frequencies of pDC to produce cytokine (see Fig. S2 in the
supplemental material). Thus, all further experiments in this re-
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FIG 1 Blood pDC and mDC upregulate activation and maturation markers in response to stimulation with commensal bacteria. Maturation marker expression
on pDC and mDC in response to stimulation with E. coli, Enterococcus, or B. fragilis (n = 6) was determined. Results are shown as net CD40 mean fluorescence
intensity (MFI) (the net value was calculated by subtracting out isotype staining) or as the percentage of cells expressing CD83 within the total pDC or mDC
population (percent positive) minus the isotype control. Horizontal bars indicate median values. Statistical significance for each stimulation condition compared
to the medium-only condition was evaluated using a Wilcoxon matched-pairs signed rank test. *, P < 0.05.

port focused on cell types that were found to produce cytokines in
response to bacterial stimulation. Indeed, stimulation with each of
the three bacterial species induced significant frequencies of mDC
to produce TNF-a, IL-12p40/70, and IL-10 (see Table S1 in the
supplemental material) as measured by intracellular cytokine
staining (ICS). Representative flow plots of the mDC ICS assay are
shown in Fig. S3. Comparison of net cytokine frequencies, calcu-
lated by subtracting the medium-only value from the stimulation
value showed that there were no significant differences between
the net percentages of TNF-a* mDC induced by the three bacteria
(overall Pvalue, = 0.60) (Fig. 2A). However, IL-12p40/70" mDC
frequencies in response to B. fragilis were significantly greater than
those induced by E. coli (P < 0.01) or Enterococcus (P < 0.01) (Fig.
2A). E. coli induced greater frequencies of IL-10" mDC than the
other bacteria tested although this only reached statistical signifi-
cance between E. coli and Enterococcus (Fig. 2A). When the copro-
duction of cytokines by bacteria-stimulated mDC was analyzed, it
was noted that mDC production of IL-10 and IL-12p40/70 oc-
curred in distinct mDC populations, regardless of the bacteria
used to stimulate the cells (Fig. 2B).

Production of IL-12p70, IL-23, and IL-10 by total PBMC in
response to bacterial stimulation. IL-12 and IL-23 share the same
p40 subunit (42). Therefore, to determine whether the intracellu-
lar IL-12p40/70 staining of mDC was associated with IL-12p70 or
IL-23 production, levels of IL-12p70 and IL-23 production within
the culture supernatant collected after overnight culture of PBMC
in medium only or stimulated with E. coli, Enterococcus, or B.
fragilis were assessed (see Table S2 in the supplemental material]).
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In addition, to confirm IL-10 cytokine production as detected by
the ICS assays, IL-10 ELISAs were performed on culture superna-
tant. Each bacterial species induced statistically significant levels
of IL-10 relative to the medium-only condition (see Table S2).
Only stimulation with B. fragilis induced significant levels of IL-
12p70, whereas both B. fragilis and E. coli induced significantlevels
of IL-23 compared to the medium-only condition (see Table S2).
B. fragilis induced significantly more IL-12p70 and IL-23 than E.
coli or Enterococcus (Fig. 3). Conversely, E. coli and Enterococcus
induced levels of IL-10 that were significantly higher than the level
induced by B. fragilis (Fig. 3). Stimulation of PBMC with E. coli
and B. fragilis simultaneously led to production of similar levels of
IL-10 compared to the level with E. coli alone. However, there was
no statistical difference in IL-23 production in response to stimu-
lation with E. coli and B. fragilis simultaneously compared to stim-
ulation with E. coli or B. fragilis alone (see Fig. S4 in the supple-
mental material).

mDC and monocytes differentially contribute to IL-10 and
IL-23 production in response to stimulation with E. coli and B.
fragilis. To assess mDC-specific IL-23 production, we used a re-
cently commercially available antibody specific for the human IL-
23p19 subunit appropriate for use in an ICS assay in conjunction
with the IL-12p40/70 antibody (a representative flow plot shown
in Fig. 4A). IL-12p40/70™ 1L-23p19™ (IL-23) mDC were signifi-
cantly induced in response to stimulation with both E. coli and B.
fragilis, suggesting that mDC do produce IL-23 in response to
bacterial stimulation (Fig. 4B).

To confirm the contribution of mDC to PBMC cytokine pro-
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FIG 2 Blood mDC produce IL-12p40/70, IL-10, and TNF-a in response to stimulation with commensal bacteria. Total PBMC were stimulated with bacteria, and
multicolor flow cytometry was used to assess expression of cytokines by mDC. (A) Percentage of mDC expressing intracellular TNF-a, IL-12p40/70, and IL-10
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of a flow plot demonstrating production of IL-10 and IL-12p40/70 by different mDC populations in response to E. coli stimulation.

duction in response to bacterial stimulation, mDC were depleted
from total PBMC, and culture supernatants were assessed for cy-
tokine production by ELISA. In five of six donors tested, IL-23
production was reduced in mDC-depleted cultures compared to
the level in total PBMC when stimulated with either E. coli or B.
fragilis (Fig. 4C). Although reduction of IL-23 did not reach sta-
tistical significance for stimulation with either of the bacteria (E.
coli, P = 0.06; B. fragilis, P = 0.44), the reduction in IL-23 with
mDC depletion in response to E. coli appeared to be more com-
plete than the response to B. fragilis. Depletion of mDC also
caused a reduction in the amount of IL-10 produced in response

to both bacteria, with the decrease reaching statistical significance
only in response to B. fragilis (Fig. 4D).

As mDC did not appear to be responsible for all of the IL-23
and IL-10 produced by PBMC in response to bacteria, we investi-
gated the potential contribution of CD14™ monocytes. PBMC
were enriched for monocytes and stimulated with E. coli or B.
fragilis. Enriched monocytes produced significant amounts of
IL-10 in response to both bacteria compared to the medium-only
control (Fig. 5A) although the quantities of IL-10 in response to E.
coli were, on average, 15.5-fold greater than in response to B. fra-
gilis. Conversely, the enriched monocytes did not produce IL-23
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FIG 3 Stimulation of total PBMC with different commensal bacteria induces distinct cytokine profiles. Total PBMC were stimulated with E. coli, Enterococcus,
and B. fragilis, and levels of IL-12p70, IL-23, and IL-10 were assessed within the culture supernatant by ELISA (n = 10). Results are shown as the net amount of
the indicated cytokine (stimulation condition value minus the medium-only value). Horizontal bars indicate median values. Statistical significance between each
stimulation condition was evaluated using a Freidman test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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in response to E. coli but did produce low levels of IL-23 in re-
sponse to B. fragilis compared to the medium-only control (Fig.
5A) although this only trended toward statistical significance (P =
0.06). Monocyte depletion resulted in a statistically significant de-
crease in IL-10 production in response to both E. coli and B. fragilis
(Fig. 5B), confirming the important role of monocytes in IL-10
production. Notably, the depletion of monocytes from total
PBMC resulted in an increase in IL-23 production in response to
E. coli stimulation and a trend toward a decrease in IL-23 produc-
tion in response to B. fragilis (Fig. 6B).

IL-10 regulates the IL-23 response to commensal bacteria
stimulation. Since reciprocal patterns of IL-10 and IL-23 produc-
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tion were observed in response to E. coli versus B. fragilis stimula-
tion, as well as an increase in IL-23 production in response to E.
coli when the IL-10-producing monocytes were removed from
total PBMC, we evaluated whether either cytokine regulated pro-
duction of the other in response to bacterial stimulation in vitro.
The addition of thIL-10 at a concentration of 20 ng/ml completely
abrogated the IL-23 response to both E. coli and B. fragilis (Fig.
6A). This IL-10 effect was dose dependent, with concentrations of
rhIL-10 aslow as 0.5 ng/ml causing reduction of IL-23 production
in response to B. fragilis (data not shown). The addition of rhIL-10
to PBMC cultures stimulated with B. fragilis led to a significant
decrease in the percentage of mDC expressing intracellular IL-
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12p40/70 (Fig. 6B). Conversely, neutralizing IL-10 resulted in sig-
nificant increases in the amount of IL-23 produced in response to
both E. coli and B. fragilis (Fig. 6C). The hierarchical induction of
IL-23, with greater levels observed following B. fragilis stimula-
tion, persisted even in the setting of IL-10 neutralization. Con-
versely, the addition of rhIL-12 and rhIL-23 to PBMC stimulated
with E. coli had no significant impact on the amount of IL-10
produced (rhIL-12, P = 0.22; rhIL-23, P = 0.31) (Fig. 7D).

The proinflammatory PBMC profile induced by B. fragilis is
not inherent to the Bacteroides genus and is not dependent on
expression of PSA. Although B. fragilis is part of the normal in-
testinal flora, it is frequently isolated from intra-abdominal ab-
scesses, suggesting that it may have unique pathogenic properties
(43). Conversely, a related commensal species, B. thetaiotaomi-
cron, is less frequently identified in clinical isolates (43). In order
to determine whether the proinflammatory cytokine profile in-
duced by B. fragilis is unique to this organism or is present in other
Bacteroides species, PBMC were stimulated with either B. fragilis
or B. thetaiotaomicron, and cytokine production was measured in
culture supernatants. B. fragilis induced significantly more IL-
12p70 and IL-23 than did B. thetaiotaomicron in total PBMC,
whereas the amount of IL-10 induced by each species of bacteria
did not differ significantly (P = 0.43) (Fig. 7A).

It has been suggested that B. fragilis may play an important role
in the development of the immune system and that its unique
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properties may be in part due to expression of polysaccharide A
(PSA), a zwitterionic molecule present on the surface of the B.
fragilis capsule (37, 51). To assess the role of PSA in the proinflam-
matory PBMC response to B. fragilis, we stimulated PBMC with a
mutant B. fragilis defective in PSA expression (B. fragilis APSA)
and evaluated IL-12p70, IL-23, and IL-10 cytokine production
relative to that induced by wild-type B fragilis. The levels of all
three cytokines induced in total PBMC by B. fragilis APSA did not
differ significantly from levels induced by wild-type B. fragilis (IL-
10, P = 0.31; IL-12p70, P = 0.63; IL-23, P = 0.22) (Fig. 7B). Thus,
the unique cytokine profile induced by B. fragilis is not due solely
to expression of PSA but may result from B fragilis-specific expres-
sion of other MAMP or factors.

DISCUSSION

APC, including DC and monocytes, are crucial in responding to
innate microbial stimuli and subsequently influencing adaptive
immune responses. Although human DC and monocyte re-
sponses to individual TLR ligands and to assorted bacteria have
been variably described (27, 30), less is known about the ability of
intact, commensal bacteria to induce blood APC cytokine re-
sponses. We have previously shown that human intestinal DC,
conditioned in the regulatory environment of the gut, have
blunted cytokine responses following exposure to individual bac-
terial products relative to the responses of blood DC (12). In the
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context of intestinal microbial translocation, it is important to
understand how blood APC will respond to commensal bacteria
in the absence of gut conditioning factors. We hypothesized that
blood DC, in the absence of intestinal conditioning factors, would
produce proinflammatory cytokines upon exposure to commen-
sal bacteria. We observed that in vitro stimulation of PBMC with
various species of whole commensal enteric bacteria induced dis-
tinct pro- and anti-inflammatory cytokine profiles in PBMC, and
these distinct profiles originated through differential stimulation
of human blood DC and monocytes.

Previous studies showed that Gram-positive bacteria induced
higher IL-12 production from monocytes than Gram-negative
bacteria, which induced higher levels of IL-10 (22, 31). In contrast
to these studies, we observed that Enterococcus, a Gram-positive
bacterium, induced significant production of IL-10, but not IL-
12p70 or IL-23, from total PBMC. Furthermore, E. coli and B.
fragilis, the two Gram-negative bacteria examined, induced differ-
ential pro- and anti-inflammatory cytokine responses in PBMC
relative to one another. Although our observed cytokine profile in
response to E. coli is in agreement with a previous study (23), the
differential responses we detected to these two Gram-negative
bacteria highlight the fact that defining the peripheral blood cyto-
kine response to different bacterial species may not be as simple as
differentiating between Gram-positive and Gram-negative organ-
isms. Thus, our work underscores the importance of identifying
translocating bacterial species and better defining the immune
response to species that are associated with different diseases.

It is likely that both the method of bacterial recognition by
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different cell types and the response to the multiple cytokines pro-
duced contribute to the unique PBMC responses to different bac-
teria, which emphasizes the need to evaluate the contributions of
the multiple cell types that may encounter these microbes and
their products in vivo. For example, in response to E. coli, mono-
cytes contributed the bulk of the IL-10 produced, and only mDC
contributed to IL-23 production (with the level of IL-23 produced
likely suppressed by large amounts of monocyte-derived IL-10).
Conversely, both mDC and monocytes contributed to IL-23 pro-
duction in response to B. fragilis, and, in the context of the smaller
amount of IL-10, a more proinflammatory response to B. fragilis
resulted.

It is likely that several factors contribute to the development of
these differential responses. First, as whole bacteria express mul-
tiple MAMP, simultaneous engagement of multiple TLR during
whole-bacterium stimulation could result in each bacterial species
inducing different combinations of signaling cascades, thus initi-
ating distinctive responses. Second, recognition of bacterial motifs
is not limited to TLR, and engagement of additional PRR may
influence the response to translocated bacteria. Indeed, signaling
through NOD2 and Dectin-1 has been shown to induce IL-23 but
not IL-12p70 from DC (34, 52). Third, structural differences in
the shared MAMP expressed by bacteria may affect the cytokine
response induced. Previous work has demonstrated that the shape
and charge of lipid A, a portion of the LPS structure, had a direct
effect on the induction of IL-6 from human PBMC (46, 47). Lastly,
different APC express variable types and levels of PRR, leading to
further complexity in the overall response to a given set of MAMP.
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Further evaluation of the role of specific PRR-MAMP pairs in the
overall cytokine response is necessary to determine if one or a
combination of these factors is responsible for the observed dif-
ferences in innate responses to commensal bacteria.

In addition to the initial innate responses of different APC to
bacteria, the overall PBMC cytokine profile appears to be further
determined by cytokine feedback mechanisms. Our observations
(i) that exogenous IL-10 abrogated IL-23 production, (ii) that
blocking IL-10 resulted in increased PBMC production of IL-23 in
response to B. fragilis and E. coli, and (iii) that removing mono-
cytes from total PBMC led to an increase in IL-23 production in
response to E. coli, likely due to a lack of monocyte IL-10 suppres-
sion of mDC IL-23 production, suggest that the anti-inflamma-
tory pathway initiated by IL-10 signaling can override the path-
ways leading to IL-23 production. A previous study investigating
the relationship between IL-10 and IL-12 production after LPS
stimulation found that autocrine IL-10 dampened IL-12 re-
sponses from human monocyte-derived DC (9). In addition,
blocking IL-10 led to increased IL-12 cytokine production by hu-
man blood mononuclear cells in response to a human rectal com-
mensal bacterium (23). Given that IL-10 signaling has been shown
to regulate IL-12 production by inhibiting transcription of the
IL-12p40 gene (1) and that IL-12 and IL-23 share the same p40
subunit (42), it is possible that this mechanism of IL-12p70 inhi-
bition by IL-10 also applies to IL-23 inhibition. Thus, IL-23 pro-
duced by human mononuclear cells in response to commensal
bacteria is controlled by concurrent production of IL-10 in re-
sponse to the same stimulus. Our findings underscore the fact that
the establishment of unique innate immune footprints in re-
sponse to different bacterial stimulation is the culmination of a set
of complex interactions and mechanisms that include not only the
initial recognition of the microbes by the immune system and
the inherent cytokine response that these organisms elicit but also
the effect that these cell types and the various cytokines they pro-
duce have on each other.

A noteworthy finding of this work was that B. fragilis induced a
more proinflammatory cytokine response in PBMC than the
other bacteria tested, including a bacterium within the same ge-
nus, B. thetaiotaomicron. Although B. fragilis and B. thetaiotaomi-
cron likely express motifs recognized by the same PRR, our find-
ings suggest that B. fragilis must express other factors that render it
uniquely proinflammatory. B. fragilis has previously been re-
ported to have distinct properties related to expression of PSA, a
capsular polysaccharide (37, 38, 44, 45). Due to the ability of PSA
to induce IL-12 production from bone marrow-derived DC (37),
we evaluated whether this molecule was critical to the induction of
IL-23 in PBMC by B. fragilis by using a PSA-deleted organism. We
observed in our system that the absence of PSA expression did not
alter the distinctive proinflammatory response to B. fragilis that
we detected in human PBMC. The lack of an effect of PSA on the
cytokine response by PBMC could potentially be attributed to
differences in cell types, culture conditions, or target species com-
pared to previous studies. Based on these results, it is likely that
motifs expressed by B. fragilis other than PSA are responsible for
its proinflammatory response in human PBMC. However, more
work is necessary to determine the exact mechanism underlying
this unique response.

In conclusion, our study demonstrated that unique cytokine
responses could be elicited from human blood mononuclear cells
after stimulation with whole, commensal enteric bacteria. IL-10
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produced by blood monocytes regulated the production of proin-
flammatory cytokines including IL-23 by mDC and monocytes in
response to the same stimulus. Our experimental setup allowed us
to examine the effect of bacterial stimulation on monocytes and
DC in the context of total PBMC, a more physiologically relevant
model than using purified APC alone. Further understanding of
the mechanisms by which unique cytokine responses induced by
different bacteria are achieved could aid in the designing of better
therapies for diseases in which microbial translocation occurs as
limiting the innate response to translocated bacteria could reduce
systemic inflammation and its clinical sequelae.
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