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Human primary gastric dendritic cells induce a

Th1 response to H. pylori

D Bimczok!, RH Clements?, KB Waites>, L Novak3, DE Eckhoff, P Mannon!, PD Smith!”> and

LE Smythies!

Adaptive CD4 T-cell responses are important in the pathogenesis of chronic Helicobacter pylori gastritis. However, the
gastric antigen-presenting cells that induce these responses have not yet been identified. Here we show that dendritic
cells (DCs) are present in the gastric mucosa of healthy subjects and are more prevalent and more activated in the
gastric mucosa of H. pylori-infected subjects. H. pylori induced gastric DCs isolated from noninfected subjects to
express increased levels of CD11c, CD86 and CD83, and to secrete proinflammatory cytokines, particularly interleukin
(IL)-6 and IL-8. Importantly, gastric DCs pulsed with live H. pylori, but not control DCs, mediated T-cell secretion of
interferon-y. The ability of H. pylori to induce gastric DC maturation and stimulate gastric DC activation of Th1 cells
implicates gastric DCs as initiators of the immune response to H. pylori.

INTRODUCTION
The gastric mucosa is the most frequent site of mucosal inflam-
mation in humans due to the high incidence of colonization
by Helicobacter pylori, which infects 50% of the world’s popu-
lation. H. pylori infection invariably causes chronic inflam-
mation, which may progress to peptic ulcer disease or gastric
adenocarcinoma or lymphoma.> However, the immunological
mechanisms specific to the gastric mucosa that initiate the host
response to H. pylori have drawn little investigative attention. In
particular, gastric dendritic cells (DCs) and their role in early
H. pylori pathogenesis have not yet been characterized.
Several lines of evidence point to the likely role of gastric DCs
in the pathogenesis of H. pylori gastritis. First, gastric inflamma-
tion in human and murine H. pylori infection is caused primarily
by Th1 cells through interferon (IFN)-y secretion.’= Second,
gastric DCs have been identified in human subjects infected
with H. pylori,'®!! and DCs were shown to recruit to the gas-
tric mucosa in experimental Helicobacter infection in mice.!>!3
Third, gastric tissue levels of the DC cytokine interleukin (IL)-12
are elevated during human H. pylori infection, consistent with
the dependence of Th1 polarization on DC cytokine secretion.!
Fourth, H. pylori induces maturation, activation, and inflam-
matory cytokine secretion by human monocyte-derived DCs
(MoDCs) and murine bone marrow DCs (BM-DCs) in vitro,

“licensing” the DCs for T-cell priming.!>~1® Consistent with
these findings, major histocompatibility complex-II-deficient
mice that lack functional DCs did not develop immunity to
H. pylori,'® and adoptive transfer of H. pylori-pulsed BM-DCs
induced protective Th1 responses in recipient mice.?’ Despite
the above observations, the presence of DCs in healthy gastric
mucosa has been questioned,'>!%?! and the well-documented
presence of DCs in the intestinal mucosa has raised the sugges-
tion that intestinal Peyer’s patches are an induction site for the
adaptive response to H. pylori.?>23

Here we provide the first definitive identification of DCs in
human gastric mucosa. DCs were present in the gastric mucosa of
healthy subjects but were more prevalent and more activated in the
gastric mucosa of H. pylori-infected subjects. We also show that iso-
lated human gastric DCs exposed to live H. pylori rapidly matured,
phagocytosed the bacteria, released proinflammatory cytokines,
and triggered T-cell IFN-7 secretion. These novel findings implicate
gastric DCs in the induction of the Th1 response to H. pylori.

RESULTS

Isolation and characterization of HLA-DR* DCs from
normal human gastric mucosa

To determine the function of gastric DCs and other antigen-
presenting cells (APCs) in human H. pylori infection, we first
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isolated and characterized cells from normal human gastric
mucosa, using a modification of our previously published pro-
tocol.?2> Digestion of gastric mucosa from noninfected subjects
undergoing gastric bypass surgery yielded mixed cell suspen-
sions containing CD45 " leukocytes (15+5%) and glandular epi-
thelial cell populations. From surgically obtained normal gastric
tissue, we routinely recovered 108.1+6.3x10° total cells per g
gastric tissue (1= 10). On the basis of expression of the major
histocompatibility complex class IT molecule HLA-DR, which
is required for antigen presentation, and CD13 (aminopepti-
dase N), which we previously identified as a marker for human
intestinal macrophages,?®%” we detected two putative APC pop-
ulations in suspensions of gastric mucosal cells: an HLA-DRPsh/
CD13!°¥ population (4.8+0.8%), referred to as HLA-DR* DCs,
and an HLA-DR~/CD13* population (4.7+1.1%), referred to
as CD13* cells (Figure 1a). An HLA-DR™4/CD13* popula-
tion similar to intestinal macrophages®®?” was not present in
gastric cell suspensions. HLA-DR* DC and CD13* cell popu-
lations contained less than 1.5% CD3* T-cells, CD20" B cells,
and CD117* mast cells.

Both HLA-DR* DC and CD13* cell populations had a het-
erogeneous phenotype. The gastric HLA-DR™, but not CD13",
population contained cells that expressed the DC-associated
molecules CD11c, DC-SIGN, and CD206 (Figure 1a; Table 1).
The low expression of CD80, CD83, and CD86 suggested that
freshly isolated gastric DCs were largely immature, irrespective
of CD11c expression (Figure 1a). The HLA-DR*/CD14* cells
likely represented recently recruited monocytes/monocytic DC
precursors.?8 Gastric HLA-DR* DCs were >99% CD45* and did
not express CD1a, the plasmacytoid DC marker CD123, or the
natural killer cell marker CD56. Among the cells that expressed
CD13, a myeloid marker,2*3 46.7+0.2% also expressed the granu-
locyte-monocyte colony stimulating factor (GM-CSF) receptor
CD116, another myeloid marker, 15.7+6.5% expressed CCR3,
an eosinophil marker, and 8.5+4.1% expressed CD56, a natural
killer cell marker. In addition, the CD13* population contained
47.1£7.0% CD45" cells, likely epithelial cells, indicating that
CD13 alone is not a suitable selection marker for gastric APCs.
In control experiments, mononuclear cells isolated from the gas-
tric mucosa of noninfected, nonobese organ transplant donors
showed a similar phenotype (data not shown), indicating that the
findings presented here are not the consequence of obesity.

H. pyloriinfection enhances the prevalence and activation

of DCs in human gastric mucosa

Studies in mice indicate that H. pylori infection causes an influx
of DCs into the gastric mucosa.!>133! To determine whether
human H. pylori infection similarly increases the prevalence of
gastric DCs, we isolated cells from gastric biopsies of subjects
determined by serology, rapid urease CLO test, and histopa-
thology to be actively infected with H. pylori. From H. pylori-
infected subjects, we routinely recovered 4.6+0.33x10° total cells
per 10 biopsies. As shown in Figure 1b, the gastric mononuclear
cell suspension from a representative noninfected subject con-
tained fewer HLA-DR™* cells (7%) than the suspension from an
H. pylori-infected subject (36%). Among three noninfected and
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three H. pylori-infected subjects, the percentage of gastric HLA-
DR cells was significantly lower in the noninfected than the
infected subjects (4.8+0.8 vs. 34.9+£3.9%, P=0.001). The mono-
nuclear cell population in the representative noninfected subject
(Figure 1b) contained similar numbers of CD13* (HLA-DR ™)
cells compared with the H. pylori-infected subject (6 vs. 5%).
These findings were confirmed in three noninfected and three
infected subjects (Figure 1b; 5.5£0.8 and 4.7£1.1%, P>0.05).
Gastric epithelial cells, which can express HLA-DR during
H. pylori infection,*? were excluded from the DC population
by gating on HLA-DRP&"/CD45* cells. Importantly, H. pylori
infection resulted in a more activated phenotype in the gastric
HLA-DR™ DCs, reflected in increased expression of CD11c
(P<0.001), CD83 (P=0.02), CD86 (P=0.002), CD80, DC-
SIGN, and CD14 compared with cells isolated from noninfected
subjects (Figure 1b; Table 1).

The increased prevalence of HLA-DR* DCs in gastric cell
suspensions from H. pylori-infected subjects compared with
noninfected subjects was corroborated by microscopic analy-
sis of tissue sections. In noninfected subjects, low numbers of
HLA-DR* DCs were distributed throughout the gastric lam-
ina propria, and a proportion of the cells co-expressed CD11c
(Figure 2a-d). Interestingly, HLA-DR™* DCs that co-expressed
CD11c also were detected in the glandular epithelium near the
mucosal surface (Figure 2e-h), a location that strategically posi-
tions the cells for the uptake of antigen that comes in contact with
the apical surface of the epithelium. Importantly, all HLA-DR*
cells co-expressed the mononuclear phagocyte marker HAM56,
confirming the designation of these cells as APCs (data not
shown). In H. pylori-infected subjects, the prevalence of HLA-
DR™* DCs was substantially increased (Figure 2i-1); dense
aggregates of DCs were located between the gastric glands and
a higher proportion of gastric HLA-DR* DCs co-expressed
CD11c. These observations were quantified by digital image
analysis using Image] software (National Institutes of Health,
USA, http://rsbweb.nih.gov/ij/) (Table 2; Supplementary
Figure 1). In H. pylori-infected subjects, significantly higher
area fractions of gastric lamina propria (with epithelial cells
excluded) were positive for HLA-DR (P=0.03) and for CD11c
(P=0.01) than in noninfected subjects, indicating that a greater
number of these cells were present in the infected tissue. CD11c
and HLA-DR colocalization as determined by the Manders’
colocalization coefficients33** (Table 2) and intensity scatter
plots (Supplementary Figure 1) was significantly increased
in H pylori-infected compared to noninfected subjects (M1:
P=0.003 for overlap of CD11c with HLA-DR; M2: P=0.01 for
overlap of HLA-DR with CD11c).

H. pylori activates isolated human gastric HLA-DR* DCs

but not CD13* cells

Having shown that H. pylori infection in vivo is associated with
an accumulation of more mature DCs in the gastric mucosa,
we investigated whether gastric HLA-DR™* cells isolated from
noninfected subjects would mature in response to H. pylori
stimulation in vitro. Compared with control HLA-DR* DCs
cultured in medium alone, gastric HLA-DR™* DCs exposed
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Phenotype of gastric mucosal cells from noninfected and H. pylori-infected subjects. (a) CD13* and HLA-DR* cells isolated from the

gastric mucosa of a representative noninfected subject and enriched by magnetic antibody cell sorting (MACS) separation (n=10). (b) Phenotypic
characterization of HLA-DR* DCs among cells isolated from a representative, noninfected subject (n=4) and an H. pylori-infected subject (n=4).
Numbers in the quadrants indicate percentage of cells in the respective quadrant.

to an optimal concentration of live H. pylori for 15h showed
increases in the proportion of CD83*, CD86*, CD11c*, but
not CD80*, DCs (Figure 3a), with concentration-dependent
effects occurring between a multiplicity of infection (MOI)
of 5-20 (data not shown). The increase in the proportion of
these DC maturation and activation markers was significant for
three separate donors (Figure 3a, right panel). Moreover, after
H. pylori stimulation in vitro, CD11c expression correlated with
DC maturation, reflected in a significantly higher geometric
mean expression of CD83 on CD11c¢* DCs compared with the
CD11c™ subset (P<0.05; data not shown). In contrast, H. pylori
did not significantly alter the very low expression of CD83,
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CD86, CD80, or CD11c on gastric CD13* cells (Figure 3b,
left and right panels), suggesting that gastric CD13* cells are
not equipped to initiate T-cell activation. Importantly, HLA-
DR expression was also not induced on CD13* cells after
H. pylori exposure (Figure 3b). Following exposure to H. pylori,
increased proportions of MoDCs expressed CD83 and CD80,
similar to previously reported studies'>3> (Figure 3c). All
MoDCs expressed high levels of CD86 and CD11c¢ expression,
irrespective of H. pylori exposure (Figure 3c, left panels). The
increased expression of CD83 and CD86 by cultured but non-
stimulated gastric DCs in Figure 3a compared with the freshly
isolated DCs in Figure 1a and Table 1 is due to spontaneous
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Table 1 Phenotype of gastric HLA DR* DCs, CD13* cells, and MoDCs from noninfected and H. pylori-infected subjects

% HLA DR*2 % MoDCP
H. pylori status Noninfected Infected Noninfected Infected Noninfected
n 4 3 3 3 4
CD11c® 18.6+1.84 46.6+£5.0°** 52+29 6.9+£2.6 96.7+3.0
CD14 14.4+28 22.3+21 41+1.6 9.8+2.6 2.8+0.6
CD80 2.8+0.6 12.8+8.1 1.6+0.7 09+0.4 15.2+58
CD83 2.0+0.3 6.3+£2.6" 2311 44£13 59+2.1
CD86 75+0.9 20.3+3.9** 2415 52+42 59.7+11.8
CD206 14.5+4.3 5.8+0.0¢ 27+20 0.3+0.0% 86.2+9.7
DC-SIGN 14.1+6.3 25.1+10.1 3.1+£1.6 56+1.7 91.5+3.9

Abbreviation: MoDC, monocyte-derived dendritic cells.
8Gastric mucosal cell subsets were enriched by MACS.
®Immature MoDCs (day 6) were used as controls.

°Surface markers were analyzed by FACS, with cells gated as either HLA DRM9" or CD13* cells.

dMean=s.e.m.
en=1.
***P<0.001; **P<0.01; *P<0.05.

20 pm
T

Figure2 Immunohistochemical identification of dendritic cells (DCs) in the gastric mucosa of noninfected and H. pylori-infected subjects.

(a—d) Gastric mucosa from a noninfected subject contains HLA-DR* cells in which a small proportion are HLA-DR*/CD11c*. (e~h) Gastric mucosa from
a noninfected subject shows gastric glands with an intraepithelial HLA-DR*/CD11c* cell. (i-l) Gastric mucosa from an H. pylori-infected subject
contains many HLA-DR* cells in which a large proportion are HLA-DR+/CD11c*. Note the increased HLA-DR expression in gastric epithelial cells in
the infected subject (i-1) compared with epithelial cells in the noninfected subject (a-h). (a, e, i) HLA-DR-FITC; (b, f, j) 46-diamidino-2-phenyl indole
(DAPI) nuclear stain (c, g, k) CD11c-TXRD (red); (d, h, I) merge. White arrows indicate HLA-DR*/CD11c* DCs; gray arrowheads indicate HLA-DR*/
CD11c" cells, likely immature DCs. Results are representative of four noninfected and four H. pylori-infected subjects.

DC maturation in culture, as previously reported for human
colonic DCs.?8

Cytokines secreted by pathogen-stimulated DCs impact T-
cell lineage development during T-cell priming.3> In cultures
of gastric HLA-DR™ cells, the addition of H. pylori increased
the concentration-dependent secretion of IL-6, IL-10, and IL-8
(Figure 4), but not IL-12p70 (data not shown). H. pylori also
induced increased IL-6, IL-8 and IL-10, but not IL-12p35 or p40
gene expression in gastric HLA-DR* DCs, as determined by
quantitative RT-PCR analysis (data not shown). Consistent with
the inability of H. pylori to activate gastric CD13* cells, H. pylori
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did not induce secretion of IL-6 or IL-10 by gastric CD13* cells,
although IL-8 secretion was induced (Figure 4). An equivalent
number of MoDCs produced >20-fold higher levels of IL-6, IL-
10, and IL-8, as well as IL-12p70 (data not shown).

Gastric DCs take up and process H. pyloribacteria and
soluble antigen

Because antigen uptake and processing is a prerequisite for
antigen presentation, we next analyzed the capacity of gas-
tric HLA-DR* DCs to take up H. pylori and soluble antigen,
using green fluorescent protein (GFP)-labeled live H. pylori
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Table 2 Digital image analysis of HLA-DR and CD11c-labeled gastric tissue sections from noninfected and H. pylori-infected

subjects
H. pylori status? n % HLA-DR* areaP % CD11c* area® M1 (CD11c on HLA-DR)® M2 (HLA-DR on CD11c)®
Noninfected 5 9.03x1.21 2.61£0.77 0.09+0.01 0.06 +0.01
Infected 4 21.18 £4.91 14.73+4.15 0.46+0.09 0.37+0.10
P-value® 0.03 0.01 0.003 0.01

aH. pylori status of tissue donors was determined by serological analysis.

bPercentage of HLA-DR* (green) or CD11c* (red) pixels of total pixels in gastric lamina propria, determined using the ImageJ “analyze particles” tool.
°Manders’ colocalization coefficients M1 and M2.33 M1, proportion of red signal overlapping with a signal in the green channel. M2, proportion of green signal

overlapping with a signal in the red channel.
dPaired Student’s t-test.
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Figure 3 Maturation of gastric HLA-DR™* dendritic cells (DCs) and monocyte-derived DCs (MoDCs) in response to H. pylori. (a) HLA-DR* DCs and
(b) CD13* cells isolated from the gastric mucosa of an H. pylori-negative donor, and (¢) MoDCs generated from H. pylori-negative donor monocytes
were exposed to live H. pylori (strain 60190, multiplicity of infection 20) or medium alone (control) for 15h, followed by fluorescence-activated cell
sorting (FACS) analysis. Numbers in dot plots indicate percentage of cells in respective quadrants. Insets show isotype-matched controls. Bar graphs
on the right show mean fold increasexs.e.m. (n=3) in the expression of the indicated markers, calculated as f(x) =% stained cells (sample)/% stained

cells (medium control); *P<0.05, **P<0.01; unpaired Student’s t-test.

bacteria and DQ ovalbumin. DQ ovalbumin is a self-quenched
ovalbumin conjugate that is internalized through the man-
nose receptor by clathrin-mediated endocytosis and shows
bright green fluorescence on proteolytic cleavage in endosomal
compartments, thereby allowing analysis of antigen process-
ing. Gastric HLA-DR™* DCs phagocytosed GFP-H. pylori
and endocytosed DQ ovalbumin, indicated by increased DC
fluorescence after 30 min incubation at 37 °C but not at 4°C
(Figure 5a,b). Gastric CD13* cells showed poor phagocytic
activity for GFP-H. pylori and reduced endocytic activity for
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DQ ovalbumin, and MoDCs avidly took up both GFP-H. pylori
and DQ ovalbumin.

H. pylori-pulsed human gastric HLA-DR* DCs induce T-cell
IFN-y secretion

Because exposure to H. pylori induced the maturation and
activation of isolated gastric HLA-DR* cells, and HLA-DR™*
DC:s efficiently took up H. pylori, we next determined whether
H. pylori-pulsed gastric DCs had the capacity to prime T cells.
Gastric HLA-DR* DCs purified by fluorescence-activated
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Figure 4 H. pylori-induced cytokine secretion by gastric dendritic cells (DCs). Culture supernatants of gastric HLA-DR* DCs or CD13* cells
obtained from H. pylori-negative donors and stimulated with H. pylori in vitro were collected after 15h, and secretion of (a) IL-6, (b) IL-10, and (c) IL-8
was determined by enzyme-linked immunosorbent assay. Data are from a representative experiment (n=3, using cells from separate subjects); values

correspond to meanzs.d.
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Figure 5 Antigen uptake and processing by gastric HLA-DR* dendritic
cells (DCs), CD13* cells, and monocyte-derived DCs (MoDCs).
Magnetic antibody cell sorting-enriched gastric HLA-DR* DCs or CD13+
cells or 5-day-old MoDCs from H. pylori-negative donors were incubated
for 30 min in the presence of GFP-H. pylori (multiplicity of infection 10;
left panels) or DQ ovalbumin (10 pgml~"; right panels) at 37 or 4°C.

(a) Solid gray histograms correspond to cells incubated in medium alone,
open gray histograms to cells along with GFP-H. pylori or DQ ovalbumin
at 4°C, and open black histograms to cells along with GFP-H. pylori or
DQ ovalbumin at 37 °C. (b) Percentage of cells positive for GFP-H. pylori
(left panel) and DQ ovalbumin (right panel) expressed as meanzs.e.m. of
2-3 independent experiments; values corrected for nonspecific binding
at4°C.

cell sorting (FACS) were pulsed with H. pylori for 2h, washed,
and co-cultured for 3 days with autologous blood CD4*
T cells obtained from H. pylori-negative donors. H. pylori-
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pulsed gastric HLA-DR* DCs induced the T cells to secrete high
levels of IFN-y and low levels of IL-10 (Figure 6). Importantly,
the ratio of IFN-vy to IL-10 increased significantly (71+29-fold
atan APC/T cell ratio of 1:10, n =3, P<0.05, unpaired Student’s
t-test) when T cells were cultured with H. pylori-pulsed DCs
in contrast to culture with untreated DCs, indicating a prefer-
ential induction of Th1 cells (Figure 6, insets). Pulsed gastric
CD13* cells were unable to induce detectable T-cell cytokine
production, whereas MoDCs induced T cells to secrete levels
of IFN-vy and IL-10 similar to those induced by gastric DCs.
Together, these findings implicate gastric mucosal HLA-DR*
DCs as key inducers of the Thl response characteristic of
H. pylori-associated inflammation.

DISCUSSION
We report here the first characterization and isolation of DCs
from human gastric mucosa and provide evidence that gastric
DCs induce the adaptive T-cell response to H. pylori. Our analy-
sis of gastric tissue sections and isolated gastric mucosal cells
showed that HLA-DR* DCs are indeed present in noninflamed
gastric mucosa, whereas previously their presence had been a
matter of debate.!>!%2! Importantly, gastric DCs were more
prevalent, mature, and activated in H. pylori-infected subjects,
corroborating earlier reports of HLA-DR™* cells in inflamed
gastric mucosa.!®!1

Stimulation of a primary T-cell response requires antigen
uptake and presentation in the context of co-stimulatory mol-
ecules and appropriate cytokine signals by mature DCs.3%37
H. pylori colonizes the mucous layer of the gastric mucosa, but
some bacteria or bacterial antigens cross the epithelial barrier,
enabling tissue DCs to sample bacterial antigens.’¥-40 As we
show, isolated human gastric DCs were indeed able to phagoc-
ytose and process H. pylori bacteria in vitro. In this connection,
we identified a unique subset of HLA-DR*/CD11c* DCs within
the gastric epithelial layer that may have a role in luminal anti-
gen uptake similar to the role of transepithelial DC extensions
in the mucosa of the small intestine.*!42

H. pylori-induced DC maturation has previously been
described for MoDCs'>~!7 and BM-DCs.!#3! Extending those
findings, our study is the first to show that human gastric DCs
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Figure 6 Gastric HLA-DR* dendritic cells (DCs) drive a Th1-predominant response. (a) Gastric HLA-DR* DCs, (b) gastric CD13* cells, or

(c) monocyte-derived DCs (MoDCs) derived from cells from healthy subjects were pulsed with H. pylori, multiplicity of infection 20, for 2h, washed
twice, and co-cultured with autologous blood CD4* T cells for 3 days. Supernatants from the second wash (“wash”) were used as controls to exclude
direct effects of residual bacteria on the T cells. Concentrations of interferon (IFN)-y and interleukin (IL)-10 in culture supernatants were determined by
enzyme-linked immunosorbent assay. Data are representative of three (gastric HLA-DR* DCs) or two (gastric CD13* cells and MoDCs) experiments
with cells from separate subjects; values correspond to meanz=s.e.m. Insets in the lower panels show the ratio of IFN-y to IL-10 for two or three
experiments (meanzs.e.m.) at an antigen-presenting cell (APC)/T-cell ratio of 1:10; *P<0.05, unpaired Student’s t-test.

undergo increased CD83, CD86, and CD11c expression in
response to H. pylori infection in vivo and H. pylori exposure
in vitro. H. pylori also induced secretion of IL-6 by isolated
gastric DCs, as previously shown for murine BM-DCs!>18
and human MoDCs.*? In response to H. pylori, both myeloid
cells and epithelial cells secrete IL-8, which contributes to gas-
tric inflammation by recruiting neutrophils and monocytes to
the gastric lamina propria.!”4>~4> In this connection, we show
that both HLA-DR™* and CD13 ™ gastric cells secreted IL-8 in
response to H. pylori. The bacterial factors that induce gastric
DC activation have not yet been identified, but TLR2, 4, and
9 likely are involved, as H. pylori treatment of BM-DCs from
MyD88~/~, TLR2/47/~, and TLR 2/4/9/~ mice fails to induce
DC activation.!846

The development of H. pylori-induced gastritis is dependent
on CD4 T cells, specifically IFN-y-producing Th1 cells.>%47
In humans, IFN-7 sustains mucosal inflammation and may
promote disease progression to gastric ulcer.*’~4° Here, puri-
fied gastric HLA-DR™ DCs, as well as control MoDCs, from
noninfected donors pulsed with H. pylori in vitro induced a
Thl response with strong secretion of IFN-vy, implicating gas-
tric HLA-DR* DCs as a determinant of gastric T-cell lineage
development.

Surprisingly, we were unable to detect mRNA or protein for
the Th1-promoting cytokine IL-12 by H. pylori-pulsed gastric
DCs, although MoDCs secreted high levels of IL-12, as previ-
ously reported.!® The apparent inability of gastric HLA-DR*
DCs to produce IL-12 raises the possibility that gastric DCs
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induce T-cell IFN-7 secretion through macrophage inhibitory
factor, a protein that has recently emerged as a Th1-stimulating
cytokine in H. pylori gastritis.>® Also, the previously reported
IL-12 secretion by H. pylori-pulsed gastric DCs in DC and
T-cell co-cultures may have been augmented by T-cell-derived
IFN-y through a positive feedback loop.>! Others have shown
that T cells isolated from H. pylori-infected gastric mucosa
and re-stimulated with H. pylori secreted IFN-v, IL-4, and
IL-10.* T regulatory cells (Tregs) are crucial for limiting
inflammatory damage in H. pylori gastritis, and insufficient
IL-10 secretion by CD4*CD25* Tregs in H. pylori-infected
adults is associated with an increased frequency of peptic
ulcer disease.® In this connection, we have shown that a
potent Treg response appears to reduce gastric pathology and
limit ulceration in children.® Although our study showed that
H. pylori induced substantially higher levels of IFN-y than
IL-10, indicating a predominant Th1 response, gastric DCs
pulsed with H. pylori did induce T cells to secrete low levels
of IL-10, raising the possibility that gastric DCs also may
induce Tregs.

In summary, we present the first identification and charac-
terization of DCs in the mucosa of the human stomach. The
activation of human gastric DCs by H. pylori enables these cells
to induce potent T-cell IFN-y secretion, consistent with the
Th1 response characteristic of H. pylori gastritis. Our findings
implicate gastric DCs as key initiators of the immune response
to H. pylori and offer new insight into the early events in the
pathogenesis of H. pylori infection.
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METHODS

Patients and tissue samples. Gastric tissue specimens were obtained
with institutional review board approval from healthy human sub-
jects undergoing elective gastric bypass surgery for treatment of
obesity (bypass samples) and from H. pylori-infected subjects
undergoing diagnostic esophagogastroduodenoscopy (biopsy sam-
ples). Additional tissue specimens were obtained from noninfected,
nonmorbidly obese transplant donors. Gastric samples (1x10cm)
from bypass donors were excised from the lesser curvature of the
gastric body and transferred to the laboratory in sterile Endopouch
Retrievers (Ethicon, Cincinnati, OH). Biopsy samples from endo-
scoped patients were obtained from the lesser curvature of the gastric
body and antrum and transferred to the laboratory in sterile RPMI
1640 medium immediately after sampling. Serological analysis for
H. pylori was performed on all patients before tissue sampling, and
active H. pylori infection of endoscoped patients was confirmed
by rapid urease CLO test. All samples were processed within 1h of
sampling. A section of each specimen was frozen in Tissue-Tek OCT
Compound (Sakura, Torrance, CA) for histological analysis, and the
remaining tissue was processed for cell isolation. Functional assays
were performed with cells isolated from gastric tissue from H. pylori-
negative patients undergoing gastric bypass surgery.

Monoclonal antibodies. The following monoclonal anti-human anti-
bodies were used for immunohistology and flow cytometry: CD1a
(clone HI149), CD3 (HIT3a), CD11c (B-ly6), CD13 (WM15), CD14
(M5E2), CD20 (2H7), CD56 (B159), CD$0 (BB1), CD83 (HB15¢), CD86
(FUN-1), CD116 (M5D12), CD123 (7G3), HLA-DR (L243), DC-SIGN
(DCN46), CD206 (mannose receptor, 19.2), and CCR3 (5E8). Anti-
CD45 was obtained from Miltenyi Biotec (Auburn, CA), and all other
antibodies and appropriate isotype controls were from Becton Dickinson
(San Jose, CA).

Immunofluorescence histology and image analysis. Frozen tissue
sections (5 um) were fixed for 10 min in acetone at —20°C and blocked
with DakoCytomation (Carpinteria, CA) protein block. After washing
in DPBS/0.05% Tween 20, monoclonal antibodies were added at prede-
termined optimum concentrations for 2h at room temperature. Bound
antibodies were detected with appropriate isotype-specific secondary anti-
bodies labeled with fluorescein isothiocyanate or Texas Red (both from
Southern Biotechnologies, Birmingham, AL), as previously described.”
Cell nuclei were labeled with 46-diamidino-2-phenyl indole. Sections were
mounted, sealed, and stored at 4 °C until analysis by fluorescent micro-
scopy (Nikon Eclipse T2000-U, equipped with a CoolSnap ES digital cam-
era and NIS Elements BR2.30 software, Nikon, Tokyo, Japan).

Digital image analysis was performed using Image]J 1.42q software.
Density of red (CD11c) and green (HLA-DR) cells in the lamina
propria was determined as percent positive pixels per area using the
“analyze particles” tool. Colocalization of red and green pixels was
determined using the PSC colocalization plugin®? (intensity scatter
plots) and the JaCOP plugin®* (Mander’s colocalization coefficients
M1 and M2). Images were thresholded to exclude background stain-
ing, and regions of interest were set to exclude surface and glandular
epithelial cells. Three or more independent areas from 4-5 slides per
group were analyzed.

Isolation of gastric mucosal cells. Gastric lamina propria cells were
isolated from surgical specimens following the protocol established
in our laboratory for the isolation of intestinal macrophages,?*?> with
slight modifications. Briefly, excess mucus was removed by blotting tis-
sue samples on Whatman filter paper, after which the muscle layer and
submucosa were separated from the mucosa by mechanical dissection.
The remaining mucosa was washed twice for 20 min at 37°C in a shak-
ing water bath in HanK’s balanced salt solution (Mediatech, Manassas,
VA) supplemented with 0.2mgml~! DTT (Sigma, St Louis, MO), after
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which the surface epithelium was removed by incubating the tissue three
times for 30 min in HanK’s balanced salt solution containing 1.25mm
EDTA and 0.2mgml~! DTT. The tissue then was minced and transferred
to a solution containing 0.5U ml~! collagenase L (Sigma), 0.2 mgml !
DNAse (Sigma), 20mm HEPES (Mediatech), and antibiotics in RPMI
(Mediatech). To isolate cells from biopsy specimens, we treated biopsies
with collagenase solution (0.5 U ml~!) as above without prior removal of
the surface epithelium. After three collagenase treatments as above, cells
were collected by centrifugation (10 min, 4°C, 400g), and resuspended in
RPMI 1640 supplemented with 10% heat-inactivated human AB serum
(Mediatech). Debris and aggregates were removed from the cell suspen-
sions by sedimentation on ice for 30 min.

HLA-DR* and CD13* cells were enriched up to 80% purity by posi-
tive magnetic bead selection (MACS; Miltenyi Biotec) using PE-labeled
primary monoclonal antibodies and anti-PE microbeads together with
LS separation columns and a VarioMACS magnet. For T-cell stimula-
tion assays, we purified gastric HLA-DR* DCs or CD13* cells to >95%
by FACS (FACSVantage DiVa; Becton Dickinson). FACS-sorted cells
were >95% viable as determined by propidium iodide exclusion.

Generation of monocyte-derived DCs. Monocyte-derived DCs were
generated from blood CD14* monocytes isolated by MACS by cul-
turing the monocytes in complete medium (RPMI 1640, 10% heat-
inactivated human AB serum and antibiotics) supplemented with
rhGM-CSF (25ngml~!) and rhIL-4 (7 ngml~!) both from R&D Systems
(Minneapolis, MN). Nonadherent cells were harvested as MoDCs by
vigorous pipetting after 5 days of culture.

Preparation of H. pyloribacteria and DC stimulation. The CagA*,
VacA siml H. pylori strain 60190 was kindly provided by G Perez-Perez
(New York University School of Medicine). Bacteria were grown at 36 °C
under semi-anaerobic conditions on Brucella agar plates, 5% horse blood
(Becton Dickinson) for 3 days. Colonies were harvested and suspended in
warm Brucella broth supplemented with 10% fetal calf serum, and bacte-
rial concentrations were determined by spectrophotometry at 600 nm
based on a standard curve generated using the LIVE/DEAD BacLight
Bacterial Viability and Counting Kit (Molecular Probes, Eugene, OR).
To determine the response of gastric DCs and CD13* cells to H. pylori,
we incubated freshly isolated cells in duplicate (or triplicate, cell number
permitting) in complete medium supplemented with 25ngml~! rhGM-
CSF on 24-well plates for 2h before adding H. pylori at an MOI of 5-20
for 15h. Cells then were harvested, and surface marker expression was
determined by FACS. Cytokine concentrations for IL-6, IL-10, IL-8,
and IL-12p70 in culture supernatants were determined using human
Quantikine ELISA kits (R&D Systems), following the manufactur-
er’s instructions. Purified gastric HLA-DR* or CD13* cells were not
adherent to culture plates.

Antigen uptake assays. The ability of enriched gastric DCs, CD13*
cells, and MoDCs obtained from H. pylori-negative subjects to take up
particulate or soluble antigen was studied using GFP-labeled H. pylori
(Strain M6, MOI 10, kind gift from John Y Kao, University of Ann Arbor,
MI) and DQ ovalbumin (10 pg ml~!; Molecular Probes). Freshly isolated
cells were placed in prewarmed, serum-free medium and incubated at
37°C for 2h, after which GFP-H. pylori or DQ ovalbumin were added to
the cell suspensions for another 30 min at 37 °C to allow antigen uptake.
Control cultures were incubated at 4°C. Cells then were washed in ice
cold phosphate-buffered saline/1% fetal calf serum/0.09% Na-azide
(Becton Dickinson), fixed in Cellfix, and analyzed by flow cytometry.

T-cell stimulation assay. Autologous CD4* lymphocytes obtained
from H. pylori-negative subjects were enriched from peripheral blood
mononuclear cells using the MACS system. Freshly isolated, FACS-
purified gastric HLA-DR* DCs, CD13* cells, or MoDC were incubated
for 2h at 37°C, then pulsed with H. pylori (MOI 10) for another 2h,
followed by two washes. Co-cultures of APCs and CD4* T cells were
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prepared in duplicate in 96-well flat bottom plates in 200 pl complete
medium. Supernatants from the second wash were added to control
T-cell cultures to exclude direct effects of residual free H. pylori on the
T cells. After 3 days, cell-free supernatants were collected for analysis
of cytokine production (IL-10, IFN-v, and TGF-) by enzyme-linked
immunosorbent assay.

SUPPLEMENTARY MATERIAL is linked to the online version of the
paper at http://www.nature.com/mi
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