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BACKGROUND & AIMS: Helicobacter pylori attaches to
mucin oligosaccharides that are expressed on host gastric
epithelium. We used the rhesus macaque model to char-
acterize the effect of H pylori infection on gastric mucin
oligosaccharides during acute and chronic infection.
METHODS: Specific pathogen (H pylori)-free rhesus ma-
caques were inoculated with H pylori J166. Biopsy speci-
mens of the gastric antrum were obtained 2 and 4 weeks
before and 2, 8, and 24 weeks after infection with H pylori.
O-linked mucin oligosaccharides were released from gas-
tric biopsy samples by B-elimination and profiled by
matrix-assisted laser desorption/ionization mass spec-
trometry. Similar studies were performed on gastric bi-
opsy samples from H pylori-infected and uninfected hu-
mans. Formalin-fixed, paraffin-embedded sections of
rhesus antrum biopsy samples were stained with H&E,
periodic acid-Schiff stain, and antibody to MUCSAC, the
predominant mucin expressed in the stomach. RE-
SULTS: H pylori-induced gastritis was accompanied by
an acute and dramatic decrease in diversity and relative
abundance of O-linked mucin oligosaccharides in the
rhesus stomach, which largely recovered during the 24-
week observation period. These variations in oligosaccha-
ride abundance detected by mass spectrometry were re-
flected by changes in periodic acid-Schiff-positive
material and expression of MUCSAC over time. Relatively
few differences were seen in gastric mucin oligosaccha-
ride composition between H pylori-infected and unin-
fected patients, which is consistent with the results in
rhesus macaques because infection occurs in childhood.
CONCLUSIONS: Acute H pylori infection is accompa-
nied by a dramatic but transient loss in mucin oligo-
saccharides that may promote colonization and
persistence.

Mucins are large glycoproteins that are the major
structural component of the mucous gel layer that
covers the epithelial surface and serves complex func-
tions, which include not only cytoprotection! but also
epithelial growth, development, and protection against
microbial pathogens.? Mucins carry dense oligosaccha-
ride side chains connected by O-glycosidic linkages at

serine or threonine residues. In the healthy human stom-
ach, the major mucin proteins are secreted, including
MUCSAC, which is localized to surface epithelial cells of
the cardia, fundus, and antrum, and MUC6, which is
expressed in the neck cells of the fundus and in antral
glands. The membrane-associated mucins, MUC1 and
MUC13, are also found in the stomach, although in
lower abundance.

The gastric mucin population differs markedly in
health and disease. In gastric precancerous lesions and in
gastric cancer, there is altered expression of the usual
gastric mucins, MUCSAC and MUCS6, as well as meta-
plastic expression of the intestinal mucin, MUC2.3 Al-
tered expression of gastric mucins has also been found in
response to infection with Helicobacter pylori, which is the
major cause of peptic ulcer disease and an important
factor in the development of gastric cancer.* Because the
MUCSAC mucin displays Lewis b (Leb) and other fuco-
sylated blood group antigens, which are thought to be
the major receptors for H pylori in normal gastric tissue,’
it is perhaps surprising that H pylori infection has
sometimes been associated with reduced expression of
MUCSAC.%-8 However, contradictory findings have also
been reported in different study populations.>!® These
differences may result in part from the fact that analyses
of gastric mucin are limited by H pylori strain diversity
that exists in the human population and by the inability
to study acute infection or even determine the duration
of infection.

The nonhuman primate model offers the opportunity
to study experimentally the effects of H pylori on expres-
sion of mucin oligosaccharides. Rhesus monkeys express
mucins orthologous to human MUCSAC and MUCG6 that
share similar density, size, glycoforms, oligomeric struc-
ture, and tissue localization to those found in humans.!!
Rhesus macaques also express ABO and Le blood group
antigens that serve as receptors for H pylori.'t Socially

Abbreviations used in this paper: CFU, colony-forming units; Leb,
Lewis b; MS, mass spectrometry; PAS, periodic acid-Schiff.
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housed rhesus monkeys are naturally infected with H
pylori,'2 which supports the relevance of the model, but is
an impediment to experimental infection. We therefore
derived specific-pathogen (H pylori)-free macaques by iso-
lating them at birth.'? Experimental H pylori infection in
macaques is characterized by a T helper cell 1-type in-
flammatory response, with infiltration of mononuclear
and polymorphonuclear leukocytes that mimics the
chronic active gastritis that is a hallmark of H pylori
infection in humans.’3 Thus, the rhesus macaque can be
used to study the role of gastric mucins in H pylori
colonization and persistence in an ecologically relevant
system.

We previously developed methods to analyze gastric
mucin oligosaccharides from rhesus monkeys using ma-
trix-assisted laser desorption/ionization (MALDI) mass
spectrometry (MS).1* Here we describe the use of MS and
immunohistochemistry to determine the effect of exper-
imental challenge with H pylori on rhesus monkey gastric
mucins during acute and chronic infection. The results
demonstrated a dramatic but transient decrease in mucin
oligosaccharides in the rhesus monkey stomach after
experimental challenge with H pylori, which was reflected
in the amount of periodic acid-Schiff (PAS)-positive ma-
terial and by changes in levels of the MUCSAC mucin. We
speculate that H pylori modulates gastric mucin glycop-
roteins during acute infection to promote colonization
and persistent infection.

Materials and Methods
Bacterial Strain and Culture

H pylori J166 preferentially colonizes rhesus mon-
keys and contains both a functional cag pathogenicity
island and the s1m]1 allele of the vacA cytotoxin.!S Bac-
teria were cultivated on brucella agar or in brucella broth
(Difco Laboratories, Detroit, MI) containing 5% bovine
calf serum (GibcoBRL, Gaithersburg, MD) and antibiot-
ics (trimethoprim, 5 mg/L; vancomycin, 10 mg/L; poly-
myxin B, 2.5 TU/L; amphotericin B, 4 mg/L; all from
Sigma-Aldrich, St. Louis, MO), and incubated at 37°C
with 5% CO,.

Animals

Four male rhesus macaques 3 to 4 years of age
were confirmed to be uninfected with H pylori using
protocols described previously!? and were housed at the
California National Primate Research Center, which is
accredited by the Association for the Assessment and
Accreditation of Laboratory Animal Care. All procedures
were approved by the primate center Research Advisory
Committee and by the University of California, Davis,
Chancellor’s Animal Use and Care Administrative Advi-
sory Committee.
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Animal Inoculations

A 50-mL liquid culture of H pylori J166 was culti-
vated overnight to an ODgy, of approximately 0.4, cen-
trifuged, and resuspended in fresh brucella broth to an
ODgp of 1.0. Each monkey was inoculated orogastrically
with 1 X 10° colony-forming units (CFU). The inoculum
was examined by Gram’s stain, urease, and oxidase tests
to ensure a pure culture of H pylori.

Biopsies and Quantitative Cultures

Each monkey underwent biopsy 2 and 4 weeks
before H pylori inoculation and 2, 8, and 24 weeks posti-
noculation using a pediatric gastroscope (Pentax FG-16X,
Montvale, NJ) with a 1.8-mm biopsy forceps. The proce-
dure was performed under ketamine anesthesia (10
mg/kg of body weight intramuscularly) after an over-
night fast. Seven antral biopsy specimens were collected
from the stomach during each endoscopy. Two biopsy
samples were placed in 250 uL brucella broth, homoge-
nized with a sterile glass rod, and plated by serial dilution
on brucella agar supplemented with 5% bovine calf serum
and antibiotics. Plates were incubated at 37°C with 5%
CO, for 5 to 6 days. H pylori colonies were identified in
the conventional manner by colony morphology, micros-
copy, and biochemistry. CFU were counted, and CFU/g
of tissue was determined for each monkey. The limit of
detection was approximately 102 CFU/g.

Histology and Immunohistochemistry

Two formalin fixed, paraffin-embedded biopsy
samples from each monkey at each time point were
sectioned (4 um), deparaffinized, stained with H&E, and
analyzed blindly for inflammation (mononuclear cells)
and activity (polymorphonuclear leukocytes). Scores were
generated as a composite of inflammation and activity
according to the modified Sydney system.1¢ For the PAS
stain, sections were treated with the PAS Stain Kit (Amer-
ican Master Tech Scientific, Inc, Lodi, CA) according to
the manufacturer’s directions. For immunohistochemis-
try, sections were deparaffinized and treated with 3%
hydrogen peroxide for 30 minutes. After rehydration, the
slides were subjected to antigen retrieval in citrate buffer,
pH 6.0, in a decloaker at 122°C. Slides were cooled to
room temperature, washed in PBS, and blocked for 30
minutes. Slides were incubated overnight at room tem-
perature with monoclonal anti-human gastric mucin an-
tibody (1:2000 dilution of clone 45M1; Sigma-Aldrich),
washed in PBS, and incubated for 1 hour at room tem-
perature with biotinylated goat anti-mouse immuno-
globulin G diluted 1:1000 in PBS + ova albumin. The
Vectastain ABC Elite Kit (Vector Laboratories, Burlin-
game, CA) was used to detect all antibodies according to
manufacturer’s instructions. Slides were counterstained
with hematoxylin before dehydration and mounting.
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Human Gastric Biopsy Samples

Gastric biopsy samples were obtained from the
antrum of patients undergoing upper endoscopy at the
General Hospital of the Instituto Mexicano del Seguro
Social, México City, Mexico. Two biopsy samples were
processed for H pylori culture as for macaques, and 2
biopsy samples were snap frozen in liquid nitrogen and
stored at —80°C until processed for MS. Samples were
obtained from H pylori uninfected patients (n = 8; mean
age = SD, 38.6 = 5.7 years) and from patients infected
with H pylori (n = 9; 37.9 *£ 5.4 years), which was
documented by culture, histology, and serology using
methods previously described.!” All H pylori strains were
positive for the cag pathogenicity island, which was de-
tected by polymerase chain reaction as previously de-
scribed.!® Informed consent was obtained from all par-
ticipants in accordance with standard procedures
approved by the local Institutional Review Board.

Release of O-Linked Oligosaccharides From
Gastric Biopsy Samples

Three biopsy samples were placed in 250 uL of
70% ethanol, homogenized with a sterile glass rod, and
dialyzed in Slide-A-Lyzer Mini Dialysis Units (10,000 MW
cutoff; Pierce, Rockford, IL) against 2 L of nanopure H,O
at room temperature overnight. The material retained in
the dialysis unit was lyophilized, and 1-3 mg was added
to 500 uL of alkaline borohydride solution (mixture of
1.0 mol/L sodium borohydride and 0.1 mol/L sodium
hydroxide, Sigma-Aldrich). The mixture was incubated at
42°C for 12 hours in a water bath, and the reaction was
neutralized by addition of 1.0 mol/L hydrochloric acid
solution in an ice bath to destroy excess sodium borohy-
dride.

Oligosaccharide Purification by Porous
Graphitized Carbon-Solid Phase Extraction

O-linked oligosaccharides released by reductive
B-elimination were purified by solid phase extraction
using a porous graphitized carbon cartridge (SPE-PGC;
Alltech Associates, Deerfield, IL). The cartridge was
washed with H,O followed by 0.05% (vol/vol) trifluoro-
acetic acid in 80% acetonitrile (ACN)/H,O (vol/vol). The
solution of released oligosaccharide was loaded on the
cartridge and washed with nanopure water at 1 mL/min
to remove salts and buffer. O-linked glycans were eluted
with ACN diluted in H,O to 10%, 20%, or 40%, with 0.05%
trifluoroacetic acid. Each fraction was collected and dried
in a centrivap apparatus. Fractions were reconstituted in
nanopure water prior to MS.

Mass Spectrometric Analysis

Mass spectra were recorded on an external source
HiResMALDI (IonSpec Corporation, Irvine, CA) equipped
with a 7.0 Tesla magnet. The HiResMALDI was equipped
with a pulsed Nd:YAG laser (355 nm). 2,5-Dihydroxy-
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benzoic acid was used as a matrix (5 mg/100 mL in 50%
ACN in H,0) for positive and negative mode, respec-
tively. A saturated solution of NaCl in 50% ACN in H,0
was used as a cation dopant. The oligosaccharide solu-
tion (0.6 uL) was applied to the MALDI probe followed
by matrix solution (0.6 uL). The sample was dried under
a stream of air prior to MS.

A HiResESI (IonSpec Corporation, Irvine, CA) instru-
ment equipped with a 9.4 Tesla magnet and Picoview
nano-ESI source (New Objective, Woburn, MA) was used
to obtain more sensitive detection of acidic oligosaccha-
rides. Sample solutions for the nanoelectrospray source
were delivered using a standard 6-port switching valve
and an Eksigent 1D pump (Eksigent Technologies, Liv-
ermore, CA). Sample solutions were delivered with a flow
rate of 250 nL/min composed of 0.1% formic acid in
50/50 water/ACN (vol/vol).

Statistical Analysis

Bacterial density (CFU/g) was log transformed
and analyzed by analysis of variance (ANOVA) with re-
peated measures. Pair-wise comparisons were performed
using Student ¢ test with the Bonferroni correction. His-
tologic analysis of inflammation, and of staining with
PAS or antibody to MUCSAC, was analyzed using a
mixed model analysis of variance (SAS proc. Mixed, ver-
sion 9.2; SAS Inc, Cary, NC). Post hoc comparisons
among time points were based on least squares means
with the Bonferroni correction. The number of oligosac-
charide compositions detected in rhesus monkey samples
over time was analyzed by ANOVA with repeated mea-
sures. Post hoc comparisons among time points were
based on Dunnett test, and pair-wise comparisons were
performed using Student ¢ test. Hierarchical cluster
analysis was performed using HCE 3.5 software (http://
www.cs.umd.edu/hcil/hce, University of Maryland, Col-
lege Park, MD) for the systematic comparison of mass
spectrometric data from H pylori-infected and uninfected
samples. For the calculation, the absolute intensity of
each peak was normalized by total ion intensity of spec-
tra. Pearson correlation coefficient was used to calculate
similarity, and each cluster was updated and drawn using
the average group linkage method. The 2-tailed P value
for statistical significance was .05.

Results
Quantitative H pylori Cultures

Two antral biopsy specimens were used to deter-
mine quantitative bacterial load from each monkey 2 and
4 weeks pre- and 2, 8, and 24 weeks postchallenge with H
pylori. All monkeys were culture negative for H pylori
before challenge and were stably infected with approxi-
mately 10° to 107 CFU/g of tissue throughout the obser-
vation period (Figure 1A). There were no statistically
significant differences in H pylori bacterial load among
the 3 postinfection time points.
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Figure 1. Quantitative H pylori culture and histopathology in antral gastric biopsy samples of rhesus macaques obtained 2, 8, and 24 weeks
postinoculation. (A) H pylori bacterial load (mean *+ SE log;o CFU/g) was stable among the 3 postinfection time points. (B) Mean (=SE) composite
gastritis score (inflammation and activity) for all animals at 2 weeks preinoculation and 2, 8, and 24 weeks postinoculation was quantitated using the
modified Sydney system. Gastritis was significantly increased after challenge as determined by a mixed model ANOVA. Pair-wise comparisons with
prechallenge histopathology demonstrated a significant increase in gastritis at 2 (**P < .001), 8 (**P < .001), and 24 (**P < .005) weeks after
challenge. (C-F) Representative photomicrographs of H&E-stained sections demonstrate that, compared with 2 weeks preinfection (C), there was
a marked inflammatory response 2 (D), 8 (E), and 24 (F) weeks after H pylori challenge. At 2 weeks postinfection, the inflammation expanded the
lamina propria, displacing both foveolar and glandular epithelial profiles. At 8- and particularly 24-weeks postinfection, although the inflammation
persisted, its disruptive effect on gastric morphology was diminished. Scale bars, 200 umol/L.

Histopathology

Biopsy sections from animals pre- and 2, 8, and 24
weeks postchallenge were stained with H&E and scored
for inflammation (mononuclear cells) and activity (poly-
morphonuclear leukocytes) using the revised Sydney sys-

tem. Comparison of representative sections of gastric
antrum before and after H pylori infection demonstrated
a marked inflammatory response, consisting predomi-
nantly of plasma cells and lymphocytes, with some his-
tiocytes and neutrophils superficially, and a more in-
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tensely lymphocytic infiltration, sometimes follicular, in
the deeper mucosa. Inflammation began as early as 2
weeks postinfection and persisted throughout the 24-
week observation period, although it diminished over
time (Figure 1C-F). At 2 weeks postinfection, the inflam-
matory infiltrate can be seen to expand the lamina pro-
pria, displacing or destroying both foveolar and glandu-
lar epithelial profiles. At 8 and particularly 24 weeks
postinfection, although the inflammation persisted, its
disruptive effect on gastric morphology was diminished.
A composite Sydney score (Figure 1B) combining inflam-
mation and activity was significantly increased after chal-
lenge (P < .0005). Pair-wise comparisons with prechal-
lenge histopathology demonstrated a significant increase
in gastritis at 2 (P < .005), 8 (P < .001), and 24 (P < .005)
weeks after challenge. No evidence of gastric atrophy,
intestinal metaplasia, or dysplasia was detected at any
time point.

MS Analysis of Mucin O-Linked
Oligosaccharides

A mucin glycoprotein is composed of a peptide
backbone that carries dense carbohydrate side chains
connected by O-glycosidic linkages to serine or threonine
residues. The O-glycosidic linkage is alkali labile, and
thus the carbohydrate side chains can be released as
oligosaccharide alditols by B-elimination with NaOH in
the presence of NaBH,. These mucin O-linked oligosac-
charides exhibit vast diversity because of the variety of
monosaccharide compositions that make up the oligo-
saccharide, as well as to differences in length, branching,
and linkages among the individual monosaccharides.
However, all O-linked oligosaccharides are built on 1 of 8
core structures containing GalNAc in a nonreducing end.
Because the instrument used in this study has high mass
accuracy (<5 ppm with external calibration) and resolu-
tion (>100,000 full width at half height), the exact oli-
gosaccharide composition with regard to hexose (Hex),
N-acetylhexosamine (HexNAc), sialic acid, and fucose
(Fuc) is readily determined solely based on mass. For
example, an oligosaccharide with quasimolecular ion at
m/z (mass/charge ratio) 1649.602 detected with a toler-
ance of 0.01 mass units must be 1 Fuc, 4 Hex, and 4
HexNAc. Accurate mass provides unambiguous assign-
ment of glycan peaks, whereas the composition provides
direct evidence for whether the oligosaccharide is O-
linked (derived from mucins) or N-linked (nonmucinous
glycoproteins). O-linked oligosaccharides were fraction-
ated with solvents of varying polarity (10%, 20%, 40%
ACN) to partition them into highly anionic and neutral
components and then analyzed directly by MS in both
the positive (cation) and negative (anion) modes. Because
the 40% ACN fractions did not contain detectable glycans
and the 10% and 20% fractions generated similar profiles
of predominantly small, neutral oligosaccharides and
some acidic structures, the 10% ACN fractions were used
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for all analyses (Supplementary Figure 1). Assignments of
selected oligosaccharide compositions were further con-
firmed by tandem MS using infrared multiphoton disso-
ciation!® as described in Supplementary Methods and
Results and shown in Supplementary Figure 2.

MS Profiles of O-Linked Mucin
Oligosaccharides in Monkeys and Humans

We first examined oligosaccharide profiles in
monkeys and humans that were uninfected with H pylori.
Mucin core-type structures were identified that contained
HexNAc and Hex residues, either with or without fuco-
sylation (Supplementary Table 1), which were all consis-
tent with O-linked, mucin-type oligosaccharides. Human
samples yielded a greater number and more diversity of
glycans than did samples from monkeys (Figure 2, Sup-
plementary Table 1). Most of the 67 oligosaccharides
detected in monkeys (86.6%) were found in at least 3 of 4
animals prior to infection (Figure 24, Supplementary
Table 1). Oligosaccharides detected in fewer than 3 ani-
mals typically had m/z greater than 2100, suggesting that
the sensitivity for detection of larger mucin oligosaccha-
rides may be reduced. In contrast to monkeys, human
samples yielded a greater number of oligosaccharides (96
vs 67) and showed more biologic variability, with only
36.5% of the 96 oligosaccharides detected in all 8 human
samples (Figure 2B, Supplementary Table 1). Humans
and monkeys shared approximately 39% of oligosaccha-
ride compositions (Figure 3, Supplementary Table 1).
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Oligosaccharides were grouped according to whether
they were common in humans and monkeys or unique to
1 species or another (Supplementary Table 1). Large
highly fucosylated structures with mixtures of Lea and
Leb epitopes were detected only in humans, although
they expressed fewer anionic oligosaccharides. The sialic
acid N-glycolylneuraminic acid (NeuGc) was detected
only in monkeys (and NeuAc only in humans), which is
consistent with inactivation of the gene encoding the
enzyme CMP-N-acetylneuraminic acid (CMP-NeuSAc)
hydroxylase, thought to have occurred approximately 2.1
million years ago before the origin of present-day hu-
mans.20

Effects of H pylori Infection on MS Profile
of O-Linked Mucin Oligosaccharides

To determine the effects of H pylori infection on
mucin oligosaccharides, we first examined whether oligo-
saccharide profiles were stable over time in rhesus ma-
caques before H pylori challenge. Spectra from each mon-
key 2 and 4 weeks prior to H pylori inoculation were
compared for the presence or absence of oligosaccharide
peaks and for the relative intensity of each peak normal-
ized to the total ion intensity of the respective spectrum
(Supplementary Figure 3). The glycan profiles were very
similar for all animals between 2 and 4 weeks prior to
inoculation, with correlation coefficients greater than 0.9.
These data indicate that oligosaccharide profiles are both
stable and reproducible over time.

We next compared the mean (*SD) number of oligo-
saccharides detected in the spectra of the 4 monkeys
before challenge to that obtained 2, 8, and 24 weeks
postchallenge with H pylori (Figure 4, Supplementary
Tables 2 and 3). After 2 weeks of infection, there was a
dramatic decline in mucin oligosaccharides, which could
only be differentiated from background upon 5-fold con-
centration of the samples. Number of oligosaccharide
compositions recovered partially 8 weeks after infection
and returned to preinoculation levels by 24 weeks of
infection.

Comparison of the normalized peak intensities for
each animal at each time point using a heat map dem-
onstrated that, although the number of peaks returned
to preinoculation levels for all 4 monkeys, the peak in-
tensities for 2 animals (animals C and D) differed from
that detected prior to challenge (Figure S). Thus, corre-
lation coefficients of peak intensity between 4 weeks

Figure 3. Hierarchical cluster analysis of oligosaccharide masses (m/z)
detected in H pylori uninfected monkeys and humans was performed
using HCE 3.5 software (http://www.cs.umd.edu/hcil’hce). Pearson
correlation coefficient was used to calculate similarity, and each cluster
was updated and drawn using the average group linkage method. The
heat map displays the percentage of samples in which each oligosac-
charide was detected as a gradient from 100% (red) to 50% (black) and
to 0% (green).
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Figure 4. Mean (=SD) number of oligosaccharide compositions de-
tected in mass spectra from 4 monkeys before (—4, —2 weeks) and
after (2, 8, and 24 weeks) H pylori challenge. Mean number of peaks
detected was significantly different among the 2-, 8-, and 24-week time
points determined by ANOVA with repeated measures. Pair-wise com-
parisons with prechallenge profiles demonstrated a significant decrease
in number of oligosaccharide compositions detected at 2 (**P < .005)
and 8 (***P < .001) weeks after challenge.

before and 24 weeks after H pylori inoculation were high
(R = 0.97) for monkeys A and B but substantially lower
for monkeys C (R = 0.61) and D (R = 0.66) (Figure 6),
indicating that, although a similar number and type of
oligosaccharides were detected 24 weeks after infection,
in some cases the normalized absolute intensity differed
from the preinoculation levels. Comparison of glycan
profiles between patients infected or uninfected with H
pylori showed relatively few differences (Supplementary
Table 4), which is consistent with the monkey data be-
cause infection occurs in childhood and is chronic. To-
gether, these results demonstrate that H pylori infection
induces an acute and dramatic decrease in gastric mucin
oligosaccharides, which largely recovers during chronic
infection.

PAS Stain

We next asked whether the changes in mucin-type
oligosaccharides detected by MS were supported by loss
of carbohydrate content in gastric tissue sections. PAS
stains were performed on sections of gastric biopsy sam-
ples from monkeys before and after H pylori challenge.
Sections from a representative monkey demonstrated a
dramatic decrease in PAS staining 2 weeks after H pylori
challenge that partially reversed over the subsequent 24-
week observation period (Figure 7A-D). Quantitation of
PAS-positive material was then performed on images of
the stained sections using Image ] software (http://rsbweb.
nih.gov/ij/; National Institutes of Health, Bethesda, MD).
Images were cropped to retain only gastric mucosa and
split into red, green, and blue channels using the RGB
split command. The green channel was used to calculate
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the area of PAS-positive material because it provided
maximal contrast between the PAS stain and the rest of
the mucosa. The area of PAS-positive material was di-
vided by total area of the mucosal epithelium for each
image, and the results at each time point were averaged
(Figure 7E). Percent PAS-positive material decreased
markedly 2 weeks after H pylori challenge and subse-
quently increased, although the preinfection level was
never recovered (Figure 7E). Statistical analysis by a
mixed model ANOVA demonstrated a significant effect
of time (P < .01). Pair-wise comparisons with prechal-
lenge biopsy samples showed that PAS-positive material
was significantly decreased at 2 weeks (P < .05) but not
at 8 (P = .08) or 24 (P = 0.16) weeks after infection.
These results support the MS data and suggest that
mucin oligosaccharide expression at the gastric epithelial
surface decreases during acute H pylori infection and
partially recovers after 24 weeks.

Immunohistochemistry

Immunohistochemical analysis of paraffin-em-
bedded gastric biopsy samples was used to determine
whether the decrease in mucin-type oligosaccharides cor-
related with changes in MUCSAC expression. Represen-
tative images prior to H pylori challenge showed marked
MUCSAC-positive staining, predominantly in surface/
foveolar cells (Figure 84). MUCSAC expression decreased
dramatically after 2 weeks of infection (Figure 8B) and
then partially recovered over the 24-week observation
period. Quantitation of MUCSAC staining using Image J

A

1

D

Rownbb

Figure 5. Hierarchical cluster analysis of absolute oligosaccharide
peak intensities detected in each monkey (A-D) at each time point (—4
and —2 and 2, 8, and 24 weeks) was performed using HCE 3.5 soft-
ware (http://www.cs.umd.edu/hcil’hce). The heat map displays the ab-
solute ion intensity of each oligosaccharide peak as a gradient from
100% (red) to 50% (black) and to 0% (green).
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Absolute ion intensity 4 weeks pre-inoculation

software as for PAS (Figure 8E) showed that, although
the overall trend was apparent, the time effect did not
reach statistical significance (P = .18).

Discussion

Analysis of the effects of H pylori on gastric
mucins using human clinical samples has resulted in
conflicting reports, probably because these studies are
limited by H pylori strain diversity that exists in the
human population and by the inability to determine
the duration of infection. For example, H pylori has
been associated with decreased MUCSAC and in-
creased MUCG6 expression in immunohistochemical
analyses of gastric biopsy samples in some studies” but
not others.>'% H pylori also inhibits total mucin syn-
thesis in gastric epithelial cell lines,® although mucin
expression in transformed cells is not necessarily phys-
iologic. Here, we demonstrate for the first time in vivo
using the rhesus macaque model that gastric mucin
oligosaccharide abundance and diversity dramatically
decreases during the acute phase of infection and al-
most completely recovers to preinoculation levels dur-
ing chronic infection, despite persistent inflammation

Figure 6. Correlation between
mass spectra generated from
each monkey (A-D) 4 weeks
pre- and 24 weeks postinocula-
tion with H pylori. The absolute
v R=0.66 intensity of gaoh oligogaccharide

peak was first normalized by to-
tal ion intensity of the spectrum,

and then Pearson r was used to
calculate correlation between
the profiles generated for each
monkey.

2 3 4 5 6

and constant bacterial levels. Marked changes at high
resolution were seen by MS and confirmed by PAS
staining and immunohistochemical analysis of
MUCSAC. These findings emphasize that a major ad-
aptation occurs between H pylori and its mucosal niche
during the first few weeks to months of infection,
which later reaches a state of equilibrium. We have
previously identified this to be a critical and dynamic
period in studies of antigenic and phase variation in H
pylori outer membrane proteins?! and host gene expres-
sion studies of antimicrobial innate immune effec-
tors.22 Mathematical models have also suggested that
the first few months of H pylori colonization are a
dynamic period in relation to the host response.??
Individual differences in bacterial or host adaptation,
such as changes in expression of Lewis antigens,?+25
may underlie the different glycan patterns among the
monkeys (Figure 6). Because the human samples likely
represent chronic colonization that has been present
for decades, it is not surprising that few differences
were found between H pylori-infected and uninfected
adults. The greater abundance and complexity of mu-
cin oligosaccharides in humans compared with ma-



September 2009

MUCIN OLIGOSACCHARIDES AND H PYLORI INFECTION 1069

o

5
4

(4]
o o

N
(=]

iy
o

7]
<L
o
et
=
3
o =
d O
JI8

l_'*
=2 T 2 " & " 2

4
Weeks

Figure 7. Representative photomicrographs of PAS-stained sections of gastric antrum from 2 weeks preinoculation (A) and 2 weeks (B), 8 weeks (C), and
24 weeks (D) postinoculation with H pylori. Percent of total area of gastric mucosa that stained PAS positive (bright magenta staining) was quantitated
with Image J software (http://rsbweb.nih.gov/ij/) (E). Statistical analysis by a mixed model ANOVA demonstrated a significant effect of time (P < .01).
Pair-wise comparisons with prechallenge biopsy samples showed that PAS-positive material was significantly decreased at 2 weeks (P < .05) but not at

8 (P = .08) or 24 (P = .16) weeks after infection. Scale bar, 200 um.

caques might be a species difference but may also
result simply from the closed population of macaques
from which the samples were drawn.

Previous work in the rhesus macaque demonstrated
a transient decrease in mucosal Leb and increase in
sialylation in rhesus macaques 1 to 4 weeks after H

pylori challenge.?® Similarly, we found a transient loss
of MUCSAC, which displays Leb and other fucosylated
blood group antigens.> However, sialylated glycans were
scarce in the pool of total mucin oligosaccharides, repre-
senting less than 3% of the total oligosaccharide abun-
dance detected by MS, and no changes were found after

c388838

Percent MUCSAC m

2 2 8 24

Weeks

Figure 8. Representative photomicrographs of MUC5AC-stained sections of gastric antrum from 2 weeks preinoculation (A) and 2 weeks (B), 8
weeks (C), and 24 weeks (D) postinoculation with H pylori. Percent of total area of gastric mucosa that stained with anti-MUCS5AC antibody (brown
staining) was quantitated with Image J software (http://rsbweb.nih.gov/ij/) (E). Quantitation of MUCS5AC staining using Image J software showed that,
although the overall trend was apparent, the time effect did not reach statistical significance (P = .18). Scale bars, 200 um.
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infection. Thus, it appears that sialylated glycans are
uncommon in the gastric mucosa, and changes in sialy-
lation may be detectable only with immunohistochemis-
try or other highly sensitive methods.

The mechanisms by which H pylori might alter expres-
sion of mucin oligosaccharides are unknown. Cholera
toxin and Entamoeba histolytica trophozoites enhance the
secretion of preformed and newly synthesized mucin
glycoproteins, which may deplete the protective mucus
layer and facilitate pathogenesis.?”-28 On the other hand,
the available evidence suggests that H pylori actually
down-regulates mucin exocytosis.?® Transcriptional changes
in mucin expression occur commonly in response to
bacterial products such as lipopolysaccharides, neutro-
phil elastase, interleukin-1, and other inflammatory me-
diators, but, in contrast to our findings, the expression is
typically induced.3® Reports of H pylori protease, glyco-
sulfatase, and neuraminidase activities that degrade gas-
tric mucins®'32 are controversial. Finally, H pylori may
alter expression of genes involved in glycan synthesis,
such as induction of a GlcNAc transferase essential for
the biosynthesis of Lewis antigens.3® Because the reduc-
tion in PAS was more striking than that for MUCSAC,
which was detected with an antibody thought to recog-
nize the peptide backbone,?* we speculate that H pylori
induces changes in mucin glycosylation during acute
infection.

The dramatic changes in mucin oligosaccharides we
observed during acute H pylori infection could represent
a pathogenic mechanism for bacterial persistence, a host
defense, or both. On the one hand, depletion of mucins
bearing fucosylated blood group antigens and other gly-
can receptors might enhance bacterial access to the epi-
thelial surface and promote chronic infection. Once the
epithelial layer is colonized, there may no longer be any
microbial benefit to mucin depletion, and, in fact, the
mucin layer may then be protective. On the other hand,
the decreased oligosaccharide content during acute
infection could be a host defense, much like MUC1 that
is thought to act as a “releasable decoy ligand” for H
pylori that, upon bacterial adherence, is cleaved by host
cell proteases and released from the host cell surface.?s
Because the mucin oligosaccharides recover almost to
preinoculation levels, despite persistent inflammation
and constant bacterial load, we speculate that the
changes seen during acute infection are likely critical for
bacterial colonization and persistence.

Supplementary Data

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2009.04.014.
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Supplementary Methods

Structural Elucidation of Oligosaccharides
Using Infrared Multiphoton Dissociation

Tandem mass spectrometry was performed using
structural elucidation of oligosaccharides using infrared
multiphoton dissociation (IRMPD) to determine the gen-
eral structures of selected oligosaccharides, which al-
lowed for complete fragmentation of the ion of interest.
The ion of interest was readily selected in the analyzer
with the use of an arbitrary-wave form generator and a
frequency synthesizer. A continuous wave Parallax CO,
laser (Waltham, MA) with 20-W maximum power and
10.6-um wavelength was installed at the rear of the mag-
net and was used to provide the photons for IRMPD. The
laser beam diameter was 6 mm as specified by the man-
ufacturer. The laser beam was expanded to ~12 mm by
means of a 2X beam expander (Synrad, Mukilteo, WA) to
ensure complete irradiation of the ion cloud through the
course of the experiment. The laser was aligned and
directed to the center of the ICR cell through a BaF,
window (Bicron Corporation, Newbury, OH). Photon ir-
radiation time was optimized to produce the greatest
number and abundance of fragment ions. The laser was
operated at an output of approximately 13 W.

GASTROENTEROLOGY Vol. 137, No. 3

Supplementary Results

Structural Elucidation of Oligosaccharides
Using Infrared Multiphoton Dissociation

To confirm glycan composition and to obtain
structural information, selected ions were subjected to
tandem mass spectrometry (MS) using infrared mul-
tiphoton dissociation (IRMPD) structural elucidation of
oligosaccharides. For example, IRMPD analysis of the ion
at m/z 1430.528 ([M+Na]*), corresponding to 3 hexose
(Hex), 3 N-acetylhexosamine (HexNAc), and 2 fucose
(Fuc), yielded loss of 2 consecutive Fuc from the quasi-
molecular ion (m/z 1430—1284—1138), indicating the
presence of 2 Fuc residues with nonreducing terminal
positions and at least 1 branched point (Supplementary
Figure 2). Similarly, the loss of Hex (m/z 1268) and
HexNAc (m/z 1227) indicated that these residues were
also present as nonreducing termini. There was no fur-
ther Hex loss from m/z 1268, suggesting that the 2 Hex
residues were internal. The ion at m/z 611 corresponded
to 1 Hex, 1 HexNAc, and HexNAc-ol, which identified the
known trisaccharide core structure for mucin-type oligo-
saccharides. Thus, the primary sequence of the ion m/z
1430 based on the tandem MS was determined (Supple-
mentary Figure 2, inset).
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Supplementary Table 1. Comparison of Oligosaccharide Supplementary Table 1. (Continued)
Mass, Composition, and Frequency
in Antral Gastric Biopsies of
Humans and Monkeys Without m/z [M+Na]
H pylori Infectionab.c

OS composition Frequency (%)

Hex HexNAc Fucose Human Monkey

1097.386 4 2 0 13 0
OS composition Frequency (%) 1243.444 4 2 1 13 0
1300.465 4 3 0 13 0
m/z [M+Na] Hex HexNAc Fucose Human Monkey 1389.502 4 2 2 13 0
aGroup | 611.228 1 2 0 100 100 1512.582 1 5 2 13 0
773.280 2 2 0 100 100 1608.576 5 3 1 13 0
814.307 1 3 0 100 100 1754.634 5 3 2 13 0
919.338 2 2 1 100 100 1868.702 3 3 5 13 0
960.365 1 3 1 100 100 2112.782 4 7 0 13 0
976.360 2 3 o 100 100 2265.824 6 4 3 13 0
1065.396 2 2 2 100 100 2395.887 5 4 5 13 0
1122.418 2 3 1 100 100 2427.877 7 4 3 13 0
1138.413 3 3 0 100 100 2557.940 6 4 5 13 0
1179.439 2 4 0 100 100 2573.935 7 4 4 13 0
1268.476 2 3 2 100 100 gggg-ggg g 2 2 E 8
osar S S T 100+ 190 ‘Group Il 1081.391 3 2 1 88 100
1325.497 2 4 1 100 100 P :
1341.492 3 4 0 100 100 1649.603 4 4 1 88 100
1430.528 3 3 2 100 100 1592.581 4 3 2 50 100
1487.550 3 4 1 100 100 1017.386 1 4 0 38 100
1544.571 3 5 0 100 100 1446.523 4 3 1 25 100
1633.608 3 4 2 100 100 1503.545 4 4 0 25 100
1690.629 3 5 1 100 100 1738.639 4 3 3 25 100
1795.661 4 4 2 100 100 1811.656 5 4 1 13 100
1852.682 4 5 1 100 100 1957.7113 5 4 2 13 100
1941.718 4 4 3 100 100 1382.519 2 5 0 0 100
1998.740 4 5 2 100 100 935.333 3 2 0 38 88
bGroup Il 757.285 1 2 1 100 88 2306.851 5 5 3 75 88
1227.449 3 2 2 100 88 2103.771 5 4 3 13 88
1471.555 2 4 2 100 88 2014.735 5 5 1 50 83
1576.586 3 3 3 100 88 2160.793 5 5 2 50 83
1836.687 3 5 2 100 88 1528.577 2 5 1 25 75
1779.666 3 4 3 100 75 1893.709 3 6 1 0 75
2144.798 4 5 3 100 63 1706.624 4 5 0 38 63
2201.819 4 6 2 100 38 2363.872 5 6 2 25 63
1747651 3 6 o 100 o 2249.829 5 4 4 13 63
2055.761 4 6 1 100 0 2322.846 6 5 2 13 50
2087.776 4 a 1 100 o 2468.904 6 5 3 13 50
1982.745 3 5 3 88 50 449.175 0 2 0 13 38
1373.507 3 2 3 88 0 2614.961 6 5 4 13 38
1617.613 2 4 3 88 0 2671.983 6 6 3 0 25
2290.856 4 5 4 88 0 2818.041 6 6 4 0 25
2452.909 5 5 4 75 50 2525925 6 6 2 0 13
1211.454 2 2 3 75 0 2566.952 5 7 2 0 13
2233.834 4 4 5 75 0 a0ligosaccharides detected in 100% of monkeys and humans.
1414.533 2 3 3 63 0 bOligosaccharides with higher detection frequency in humans.
2598.966 5 5 5 63 0 cOligosaccharides with higher detection frequency in monkeys.
2509.930 5 6 3 50 38
554.206 1 1 1 50 0
1925.724 3 4 4 50 0
2347.877 4 6 3 50 0
2655.988 5 6 4 38 13
1763.671 2 4 4 38 0
1900.692 5 3 3 38 0
1366.524 1 5 1 25 0
1535.560 4 2 3 25 0
1731.656 2 6 1 25 0
1884.697 4 3 4 25 0
2046.750 5 3 4 25 0
2745024 5 5 6 25 0
408.148 1 1 0 13 0
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Supplementary Figure 3. Reproducibility of glycan profiles generated from the same monkey at 2 time points prior to inoculation with H pylori.
Correlation was calculated from absolute peak intensities using Pearson r.
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Supplementary Table 2. Neutral Oligosaccharide Mass, Composition, and Frequency of Detection in Antral Gastric Biopsy
Samples From 4 Rhesus Monkeys Pre- and Post-H pylori Infectiona?

Frequency (%)

OS composition Pre Post
Group m/z [M+Nal] Hex HexNAc Fucose —4 wk —2 wk 2 wk 8 wk 24 wk

aGroup | 408.148 1 1 0 100 100 0 0 100
449.175 0 2 (6] 100 100 (0] 0 100
773.280 2 2 0 100 100 0 0 75
1341.492 3 4 0 100 100 0 0 75
1446.523 4 3 1 100 100 (0] 0 75
1503.545 4 4 0 100 100 0 0 75
1544.571 3 5 0 100 100 0 0 75
1592.581 4 3 2 100 100 (0] 0 75
1690.629 3 5 1 100 100 0 0 75
1852.682 4 5 1 100 100 0 0 75
1998.740 4 5 2 100 100 (0] 0 75
1957.713 5 4 2 100 100 0 0 50
2103.771 5 4 3 100 100 0 0 50
2160.793 5 5 2 100 100 (0] 0 50
2468.904 6 5 3 100 50 0 0 25
1528.577 2 5 1 75 75 0 0 75
1836.687 3 5 2 75 100 (0] (0] 75
1893.709 3 6 1 75 75 0 0 75
1811.656 5 4 1 75 100 0 0 50
2014.735 5 5 1 75 100 (0] (0] 50
935.333 3 2 0 75 75 0 0 50
2144.798 4 5 3 75 75 0 0 50
1982.745 3 5 3 75 50 (0] (0] 50
2818.041 6 6 4 75 50 0 0 50
2322.846 6 5 2 75 50 0 0 25
2363.872 5 6 2 75 50 (0] (0] 25
2509.930 5 6 3 75 25 0 0 25
2614.961 6 5 4 75 25 0 0 25
1706.624 4 5 (6] 50 50 (0] (0] 25
2201.819 4 6 2 50 50 0 0 25
2525.925 6 6 2 50 25 0 0 25
2671.983 6 6 3 50 25 (0] (0] 25
2655.988 5 6 4 50 0 0 0 25
2834.036 7 6 3 25 [¢] 0 0 25
2980.094 7 6 4 25 0 (0] (0] 25
2566.952 5 7 2 25 0 0 0 0
2713.010 5 7 3 25 [¢] 0 0 0
1471.555 2 4 2 75 75 (0] 25 75
1325.497 2 4 1 100 100 25 0 75
1649.603 4 4 1 100 100 25 0 75
1738.639 4 3 3 100 100 25 (0] 50
1941.719 4 4 3 100 100 25 0 50
2306.851 5 5 3 100 100 25 0 50
1779.666 3 4 3 75 75 25 (0] 50
2249.829 5 4 4 75 75 25 0 50
2452.909 5 5 4 75 50 25 0 50
1017.386 1 4 (6] 100 100 25 25 75
bGroup Il 1081.391 3 2 1 100 100 0 50 75
757.286 1 2 1 100 75 0 50 75
960.365 1 3 1 50 100 [¢] 50 75
611.228 1 2 0 100 100 0 75 75
1576.586 3 3 3 75 100 25 50 50
919.338 2 2 1 100 100 25 75 75
1382.519 2 5 0 100 100 50 0 75
1795.661 4 4 2 100 100 50 25 75
1268.476 2 3 2 100 100 50 50 75
1487.550 3 4 1 100 100 50 50 75
1227.449 3 2 2 100 75 50 75 75
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Supplementary Table 2. (Continued)

Frequency (%)

0S composition Pre Post
Group m/z [M+Na] Hex HexNAc Fucose —4 wk —2 wk 2 wk 8 wk 24 wk

1065.396 2 2 2 75 100 50 75 75

976.360 2 3 0 100 100 75 25 75
1138.413 3 3 0 100 100 75 25 75
1633.608 3 4 2 100 100 75 25 75

814.307 1 3 0 100 100 75 50 75
1122.418 2 3 1 100 100 75 75 75
1179.439 2 4 0 100 100 75 75 75
1430.528 3 3 2 100 100 75 75 75
1284.471 3 3 1 100 100 100 75 75

a0ligosaccharides detected in =25% of monkeys at 2 and 8 weeks postinfection.
bOligosaccharides detected in =50% of monkeys at 2 and 8 weeks postinfection.

Supplementary Table 3. Acidic Oligosaccharide Mass, Composition, and Frequency of Detection in Antral Gastric Biopsy
Samples From 4 Monkeys Pre- and Postinfection With H pylori

Frequency (%)

0OS composition Pre Post
m/z [M+Na] Hex HexNAc Fucose NeuAc NeuGc Na —4 wk —2 wk 2 wk 8 wk 24 wk
1207.3839 4 1 0 1 0 2 0 50 0 0 75
1264.4054 3 2 0 0 1 2 50 75 (] 0 100
1410.4633 4 2 0 1 0 2 50 50 0 0 75
1410.4633 3 2 1 0 1 2 50 50 0 0 75
1426.4582 4 2 0 0 1 2 75 100 (] 0 75
1572.5161 5 2 0 1 0 2 75 75 0 0 50
1572.5161 4 2 1 0 1 2 75 75 0 0 50
1825.6589 1 5 2 1 0 2 75 75 (] 0 75
1825.6589 0 5 3 0 1 2 75 75 0 0 75
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Supplementary Table 4. Oligosaccharide Mass, Supplementary Table 4. (Continued)
Composition, and Frequency of
Detection in Antral Gastric Mucosa

of Humans With (Hp+) or Without m/z [M+Na] Hex HexNAc Fucose Hp+ Hp—
(Hp—) H pylori Infection

OS composition Frequency (%)?

1884.697 4 3 4 44 25
0S composition Frequency (%)? 2745.024 5 5 6 33 o5
1893.709 3 6 1 33 0
m/z [M+Na] Hex HexNAc Fucose Hp+ Hp— 1017.386 1 4 0 29 38
611.228 1 2 0 100 100 1900.692 5 3 3 29 38
757.285 1 2 1 100 100 1446.523 4 3 1 22 25
773.280 2 2 0 100 100 2363.872 5 6 2 2 o5
814.307 1 3 0 100 100 2103.771 5 4 3 29 13
919.338 2 2 1 100 100 2249.829 5 4 4 29 13
976.360 2 3 0 100 100 2964.099 6 6 5 29 13
1065.396 2 2 2 100 100 2713.009 5 7 3 22 0
1122.418 2 3 1 100 100 2818.041 6 6 4 22 0
1138.413 3 3 0 100 100 1592.581 4 3 2 11 50
1268.476 2 3 2 100 100 1503.545 4 4 0 11 25
1284.470 3 3 1 100 100 2046.750 5 3 4 11 o5
1325.497 2 4 1 100 100 1300.465 4 3 0 11 13
1341.492 3 4 0 100 100 1754.634 5 3 2 11 13
1430.528 3 3 2 100 100 1811.655 5 4 1 11 13
1471.555 2 4 2 100 100 1868.702 3 3 5 11 13
1487.550 3 4 1 100 100 1957.713 5 4 2 1 13
1544.571 3 5 0 100 100 2630.956 7 5 3 11 13
1576.586 3 3 3 100 100 2379.892 4 4 6 11 0
1633.608 3 4 2 100 100 2566.952 5 7 2 11 0
1690.629 3 5 1 100 100 2671.983 6 6 3 11 0
1722.644 3 3 4 100 100 1763.671 2 4 4 0 38
1779.666 3 4 3 100 100 1366.524 1 5 1 0 o5
1795.661 4 4 2 100 100 1528.576 2 5 1 0 05
1852.682 4 5 1 100 100 1731.656 2 6 1 0 o5
1941.718 4 4 3 100 100 1097.386 4 2 0 0 13
1998.740 4 5 2 100 100 1243.444 4 2 1 0 13
2055.761 4 6 1 100 100 1389.502 4 2 2 0 13
2087.776 4 4 4 100 100 1512.582 1 5 2 0 13
2144.798 4 5 3 100 100 1608.576 5 3 1 0 13
2201.819 4 6 2 100 100 2265.824 6 4 3 0 13
1649.603 4 4 1 100 88 2322.846 6 5 2 0 13
2290.856 4 5 4 100 88 2395.887 5 4 5 0 13
2233.834 4 4 5 100 75 2427.877 7 4 3 0 13
2306.851 5 5 3 100 75 2468.903 6 5 3 0 13
2452.909 5 5 4 100 75 2557.940 6 4 5 0 13
2598.966 5 5 5 100 63 2573.935 7 4 4 o 13
1747.651 3 6 0 89 100 2614.961 6 5 4 0 13
1373.507 3 2 3 89 88 aSorted by Hp+ frequency (%).
1211.454 2 2 3 89 75
2160.793 5 5 2 89 50
2347.877 4 6 3 89 50
1982.745 3 5 3 78 88
1414.533 2 3 3 78 63
1925.724 3 4 4 78 50
2509.930 5 6 3 78 50
2014.735 5 5 1 67 50
2655.988 5 6 4 67 38
1738.639 4 3 3 67 25
2112.783 4 7 0 67 13
1617.613 2 4 3 67 88
1227.449 3 2 2 67 100
1382.519 2 5 0 56 0
1081.391 3 2 1 56 88
960.365 1 3 1 56 100
1706.624 4 5 0 44 38
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