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Recombinant Helicobacter pylori Urease Activates Primary Mucosal
Macrophages
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Helicobacter pylori urease is absorbed into the gastric mucosa at sites of inflammation, but
whether the enzyme activates mucosal macrophages is not known. Because mucosal macro-
phages differ phenotypically and functionally from blood monocytes, whether recombinant
H. pylori urease (rUrease) activated purified lamina propria macrophages in vitro was inves-
tigated. rUrease (1–10 mg/mL) induced primary mucosal macrophages to produce interleukin
(IL)-1b, IL-6, and tumor necrosis factor (TNF)-a but not IL-8 proteins in a dose-dependent
manner ( to ). Quantitative reverse transcriptase–polymerase chain reactionP ! .05 P ! .001
using capillary electrophoresis laser-induced fluorescence showed that rUrease (0.1–10 mg/mL)
also induced dose-dependent expression of IL-1b, IL-6, and TNF-a but not IL-8 mRNA
( ), suggesting that rUrease-induced production of certain cytokines is regulated at theP ! .05
level of gene transcription. These findings indicate that the ability of H. pylori urease to activate
mucosal macrophages, resulting in production of proinflammatory cytokines, may be involved
in the pathogenesis of H. pylori–associated mucosal inflammation.

In studies to elucidate the pathogenesis of Helicobacter py-
lori–induced inflammation, we have shown that H. pylori sur-
face proteins can be detected in mucosal macrophages associ-
ated with H. pylori gastritis [1], that the surface proteins can
induce peripheral blood monocytes to produce interleukin (IL)-
1 and tumor necrosis factor (TNF)-a [2], and that among the
surface proteins released by H. pylori, urease is a particularly
potent stimulus of blood monocytes [3]. Whether urease also
activates mucosal macrophages residing at the site of coloni-
zation is not known but is an important issue, since lamina
propria macrophages are the relevant mucosal cells of the
monocytic lineage that interact with antigens (such as urease)
and initiate the inflammatory response. Although lamina pro-
pria macrophages are derived from blood monocytes, the ab-
sence of surface CD14 on mucosal macrophages [4] and their
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inability to release reactive oxygen intermediates [5] suggest that
these cells are distinct phenotypically and functionally from
blood monocytes. Since H. pylori recombinant urease (rUrease)
is currently being evaluated in an H. pylori–specific oral vaccine
[6], the ability of urease to elicit an inflammatory response by
mucosal macrophages is of intense interest. Therefore, we in-
vestigated the ability of H. pylori rUrease to induce purified
human mucosal macrophages to produce proinflammatory cy-
tokines at the level of both mRNA expression and protein
production.

Materials and Methods

Isolation and purification of lamina propria macrophages. Mu-
cosal macrophages were isolated by neutral protease digestion of
intestinal tissue sections and then purified by counterflow centrif-
ugal elutriation as described in detail elsewhere [4]. Briefly, sections
of normal jejunum from healthy subjects with no known immu-
nologic, infectious, or other intestinal disease undergoing elective
gastrojejunostomy for morbid obesity were dissected along the
muscularis mucosa and then rinsed in Ca11- and Mg11-free PBS,
pH 7.2; next, sections were washed twice (20 min, 200 rpm, 377C)
in a shaker bath (Lab-Line, Melrose Park, IL) in Hanks’ balanced
salt solution (HBSS; Mediatech, Washington, DC) plus dithioth-
reitol, 200 mg/mL, to remove residual mucus and then twice in
HBSS plus 0.2 M EDTA and 10 mM 2-mercaptoethanol to remove
the epithelium. The tissue was next minced and treated (45 min,
200 rpm, 377C) as above with DNase, 100 mg/mL (Sigma, St.
Louis), and the neutral protease dispase, 75 mg/mL (grade I, specific
activity 16 U/mg; Boehringer Mannheim, Indianapolis), which con-
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Table 1. Cytokine primer sequences.

Cytokine
Product size

(base pairs/cycles) 5′ sequence, 3′ sequence

TNF-a 325/35 5′-CAGAGGGAAGAGTTCCCCAG
3′-CCTTGGTCTGGTAGGAGACG

IL-1b 400/35 5′-ATGGCAGAAGTACCTGAGCTCGCC
3′-GCTTTTTTGCTGTGAGTCCCGGA

IL-6 628/35 5′-ATGAACTCCTTCTCCACAAGCGC
3′-GAAGAGCCCTCAGGCTGGACTG

IL-8 273/35 5′-ATGACTTCCAAGCTGGCCG
3′-CTCAGCCCTCTTCAAAAACTT

GAPDH 392/25 5′-GTCTTCACCACCATGGAGAAGGCT
3′-CATGCCAGTGAGCTTCCCGTTCA

NOTE. TNF, tumor necrosis factor; IL, interleukin; GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase.

tained !0.01 ng/mL endotoxin by limulus amoebocyte assay, to
release the lamina propria cells. The supernatant was strained and
the mononuclear cells separated by density gradient sedimentation.
The resulting lamina propria macrophages and lymphocytes were
resuspended in supplemented RPMI plus heparin, 2 mg/mL, and
DNase as above and subjected to counterflow centrifugal elutria-
tion, a technique that separates cells on the basis of size and density.
The cells isolated by this procedure contained !1% CD3 lympho-
cytes and displayed the phenotype, morphologic features, ultra-
structure, and phagocytic activity of macrophages and were rou-
tinely 199% viable [4].

Preparation of H. pylori rUrease. H. pylori rUrease was pro-
vided by T. Monath and C. Lee (OraVax, Cambridge, MA) and
prepared as described previously [7]. Briefly, urease was expressed
in Escherichia coli as an apoenzyme that is not catalytically active.
Cells were lysed and the urease purified by chromatography. Urease
purity was checked by SDS-PAGE, and specific identification of
the material was confirmed by Western blotting with antisera rec-
ognizing the 31- and 62-kDa polypeptide. Subsequently, the ma-
terial was stored at 2207C in 50% glycerol. This recombinant prod-
uct had a molecular weight of 550 kDa and was composed of
equivalent amounts of the 31-kDa (UreA) and 62-kDa (UreB) ure-
ase subunits. The rUrease used in these studies contained !0.03
ng/mL endotoxin by limulus amoebocyte assay (determined by
Donald Hochstein, FDA, Bethesda, MD).

Quantitation of cytokines by immunoassay. Lamina propria
macrophages ( /mL) were cultured (24 h) in polypropylene62 3 10
tubes ( mm; Becton Dickinson, Lincoln Park, NJ) to min-17 3 100
imize adherence-induced activation. Supernatants were generated
by culturing the cells in the presence of varying concentrations of
H. pylori rUrease (1, 5, 10 mg/mL), E. coli lipopolysaccharide (LPS;
10 mg/mL; Sigma), or medium alone and assayed for inflammatory
cytokines by the following ELISAs: IL-1b (Genzyme, Boston),
TNF-a, IL-6, and IL-8 (R&D Systems, Minneapolis).

Analysis of cytokine mRNA by quantitative reverse transcrip-
tase–polymerase chain reaction (RT-PCR). To quantitate cyto-
kine-specific transcripts, we developed a quantitative RT-PCR de-
scribed in detail elsewhere [8]. Briefly, the PCR used a recombinant
DNA (rDNA) as an internal standard, which contained sequences
for the primers for IL-1b, IL-6, IL-8, TNF-a, and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH as control), and was con-
structed as follows [8–10]. The base of the internal standard was
a recombinant sequence consisting of 5′ cytokine-specific primers
(table 1), base fragment, 3′ cytokine-specific primers (table 1), and
poly(dT)16. Three sets of forward and reverse primers (first primers:
TNF-a and IL-8; second primers: IL-1b and GAPDH; third prim-
ers: ApaI [Promega, Madison, WI] and IL-6) were synthesized (Uni-
versity of Alabama at Birmingham Oligonucleotide Core Facility),
and the poly(dT)6 was attached to the third reverse primer (IL-6).
The three sets of forward and reverse primers were connected by
PCR amplification in a reaction mixture (200 mL) that contained
20 mL of 103 PCR buffer II, 16 mL of 25 mmol/L MgCl2, 16 mL
of a 10 mmol/L mixture of dNTPs, 2 mL of the first forward and
reverse primer set for TNF-a and IL-8 at 20 mmol/L, 200 ng of
genomic DNA (spacer gene obtained from a fragment of PGEM-
T vector [Promega]), and 200 U of Taq DNA polymerase (Perkin-
Elmer Cetus, Norwalk, CT). After heating at 947C for 2 min, the
samples were immediately cycled 35 times with a 1-min denaturing

step at 947C and 1-min extension step at 607C in a DNA thermal
cycler (Perkin-Elmer Cetus). After the last cycle, a 7-min extension
step was done at 607C, and the samples were stored at 47C. These
procedures were repeated using the second (IL-1b and GAPDH)
and the third (ApaI and IL-6) forward and reverse primers. The 3′

end of this final product contained poly(dT)16 (after IL-6 and before
ApaI). This connected synthetic gene containing IL-6, IL-1b,
GAPDH, TNF-a, and IL-8. The product was next inserted into
pGEM-T vector containing the T7 polymerase promotor (Pro-
mega). To obtain sufficient amounts of the connected synthetic
gene, transformation was done with E. coli JM109, and plasmid
purification was accomplished by Magic Minipreps DNA Purifi-
cation System (Promega). To obtain rDNA, the purified synthetic
gene was linearized by ApaI. For the quantitative competitive PCR,
aliquots of total RNA extracted from mucosal macrophages, which
had been incubated previously with increasing concentrations of
H. pylori rUrease or E. coli LPS, were reverse-transcribed into
DNA and spiked with a series of the diluted rDNA internal stan-
dard, after which a standard PCR was done [3]. The PCR products
were subjected to capillary electrophoresis using a laser-induced
fluorescence detection system (Beckman, Fullerton, CA) [8, 11, 12],
and the number of molecules of cytokine-specific mRNA per nan-
ogram of total macrophage RNA was calculated by determining
the area under the electrophoresis curve (electropherogram) of the
samples compared with the area under the curve of the rDNA
internal standard as described [12]. The interfacing of laser-induced
fluorescence and capillary electrophoresis enhance the sensitivity
of transcript detection into the attomole to zeptomole (10218–10221

mol) range [11, 12].
Statistical analysis. Data in the figures are presented as

and were evaluated for statistical significance by Stu-means 5 SEs
dent’s t test.

Results

Production of inflammatory cytokines by primary mucosal
macrophages exposed to H. pylori rUrease. To determine
whether mucosal macrophages could be activated by urease
from H. pylori, primary lamina propria macrophages were in-
cubated with H. pylori rUrease for 24 h, and the culture su-
pernatants were analyzed for proinflammatory cytokines by
cytokine-specific ELISA. H. pylori rUrease stimulated the
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Figure 1. Effect of H. pylori rUrease on cytokine production by mucosal macrophages. Culture supernatants from primary lamina propria
macrophages ( /mL) incubated for 24 h with H. pylori rUrease and E. coli lipopolysaccharide at indicated concentrations were assayed for62 3 10
interleukin (IL)-1b, IL-6, IL-8, and tumor necrosis factor (TNF)-a. Results are from 3 independent experiments. *, **, and ***means 5 SEs
indicate significantly different from value for media alone: , , and , respectively.P ! .05 P ! .01 P ! .001

production of IL-1b, IL-6, and TNF-a but not IL-8 by the
lamina propria macrophages in a dose-dependent manner (fig-
ure 1). These results are the first to demonstrate that urease
can stimulate primary mucosal macrophages to produce proin-
flammatory cytokines. Importantly, the near absence of en-
dotoxin (!0.03 ng/mL) in the rUrease preparation and the ab-
sence of CD14, the receptor for LPS-binding protein, on
mucosal macrophages [4, 5] supports urease as the activating
factor.

H. pylori rUrease induces cytokine-specific mRNA by primary
mucosal macrophages. To corroborate the finding that H.
pylori urease stimulates cytokine production by mucosal mac-
rophages and determine whether cytokine production is regu-
lated at the level of gene transcription, we next determined the
level of cytokine-specific transcripts expressed by mucosal mac-
rophages in response to H. pylori rUrease. Using a quantitative
RT-PCR with an rDNA template consisting of internal stan-
dards for IL-1b, IL-6, IL-8, and TNF-a, transcripts were an-
alyzed by capillary electrophoresis laser-induced fluorescence.

Primary lamina propria macrophages exposed to increasing
concentrations of rUrease showed a prominent dose-dependent
production of IL-1b, IL-6, and TNF-a but not IL-8 mRNA
molecules (figure 2). These quantitative data corroborate the
finding that rUrease induced dose-dependent production of IL-
1b, IL-6, and TNF-a proteins and suggest that rUrease-stim-
ulated lamina propria macrophage production of proinflam-
matory cytokines is regulated at the level of gene transcription.

Discussion

The present study is the first to demonstrate that H. pylori
rUrease activates human primary lamina propria macrophages
for increased production of IL-1b, IL-6, and TNF-a. The pro-
duction of these cytokines paralleled an increase in the ex-
pression of molecules of cytokine-specific mRNA. These find-
ings indicate that among H. pylori proteins, urease is capable
of activating mucosal macrophages and suggest that such ac-
tivation is regulated at the level of gene transcription. The re-
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Figure 2. Quantitative analysis of cytokine-specific mRNA by primary mucosal macrophages exposed to H. pylori rUrease. rDNA containing
primers for interleukin (IL)-Ib, IL-6, IL-8, and tumor necrosis factor (TNF)-a was used in competitive reverse transcriptase–polymerase chain
reaction with cDNA from primary lamina propria macrophages exposed to H. pylori rUrease (1–10 mg/mL) or E. coli lipopolysaccharide (LPS;
10 mg/mL) for 4 h. Amplification products were analyzed by capillary electrophoresis laser-induced fluorescence, and results are reported as no.
of molecules of mRNA/ng of total RNA.

sults also extend our earlier observation that purified urease
extracted from H. pylori cells grown in culture activates pe-
ripheral blood monocytes [3] by showing that rUrease stimu-
lates cytokine production by mucosal macrophages, albeit at a
reduced level compared with that of monocytes stimulated with
purified urease.

Urease plays a central role in the pathogenesis of H. pylori
infection by promoting colonization and inducing the produc-
tion of ammonia. In addition, we have shown that urease is a
potent chemoattractant for mononuclear and polymorphonu-
clear inflammatory cells [1]. The present study indicates that
urease may also act as a virulence factor by inducing the pro-
duction of IL-1b, IL-6, and TNF-a by mucosal macrophages.
However, rUrease did not stimulate the macrophages to pro-
duce increased levels of IL-8, providing indirect evidence that
IL-8 induction by H. pylori at the infection site is epithelial cell
in origin [13] or that a different H. pylori protein induces IL-
8 production by mucosal macrophages.

Although the largest reservoir of macrophages in the body
is the gastrointestinal tract mucosa, experimental information
concerning the role of mucosal macrophages in enteric infec-
tions, and in H. pylori infection in particular, has been limited
by the difficulties associated with the isolation and purification
of these cells. In the current study, however, pure populations
of primary macrophages were successfully isolated and purified
from jejunal mucosa, allowing us to show that H. pylori rUrease
is capable of stimulating mucosal macrophages. Mucosal mac-
rophages from small intestine were used in this study because
of the availability of normal jejunum but not stomach. Nev-

ertheless, we are unaware of data indicating that intestinal lam-
ina propria macrophages are different from gastric lamina pro-
pria macrophages.

The design of an effective vaccine against H. pylori will re-
quire identification of the relevant antigen that induces protec-
tion against the bacterium. Recently, rUrease plus adjuvant was
used in a human phase I trial [6]. In nonhuman primates, oral
immunization with the recombinant antigen induced systemic
anti-urease antibodies [14], and mice orally immunized with
rUrease were protected against challenge with Helicobacter felis
[7, 15]. These studies underscore the potential use of rUrease
as an orally delivered vaccine for the induction of protective
immunity against H. pylori in humans. Our results confirm that
urease is an immunoreactive product that can directly activate
mucosal macrophages, the critical antigen-processing and -pre-
senting cell for the induction of antigen-specific mucosal im-
mune responses. Furthermore, the results indicate that the in-
duction of cytokine production by mucosal macrophages may
be involved in the pathogenesis of H. pylori inflammation.
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