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Abstract
High endothelial venule (HEV)-like vessels have been observed in gastric B-cell lymphoma of
mucosa-associated lymphoid tissue type (MALT lymphoma), as well as in its preceding lesion,
chronic Helicobacter pylori gastritis. Previously we reported that glycans on HEV-like vessels in
the latter lesion served as L-selectin ligands. However, the biochemical and functional nature of
glycans on HEV-like vessels in gastric MALT lymphoma remained to be determined. In this
study, we performed immunohistochemical analysis for sialyl Lewis X (sLeX)-related
glycoepitopes using three monoclonal antibodies MECA-79, HECA-452, and NCC-ST-439, and
found that MECA-79−/HECA-452+/NCC-ST-439+ HEV-like vessels preferentially appears in
gastric MALT lymphoma compared to chronic H. pylori gastritis, suggesting that appearance of
MECA-79−/HECA-452+/NCC-ST-439+ HEV-like vessels marks gastric MALT lymphoma. We
then constructed a set of CHO cell lines expressing possible MECA-79−/HECA-452+/NCC-
ST-439+ glycans, as well as other sLeX-type glycans, on CD34, and evaluated L-selectin binding
to those cells using L-selectin•IgM chimera binding and lymphocyte adhesion assays. L-
selectin•IgM chimeras bound to CHO cells expressing 6-sulfo sLeX attached to core 2-branched
O-glycans with or without 6-sulfo sLeX attached to extended core 1 O-glycans but only
marginally to other CHO cell lines. On the other hand, CHO cells expressing 6-sulfo sLeX
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attached to extended core 1 and/or core 2-branched O-glycans, and also non-sulfated sLeX
attached to core 2-branched O-glycans showed substantial lymphocyte binding, while binding was
negligible on cell lines expressing 6-sulfo and non-sulfated sLeX attached to N-glycans and non-
sulfated sLeX attached to extended core 1 O-glycans. These results indicate that MECA-79−/
HECA-452+/NCC-ST-439+ glycans, namely 6-sulfo and non-sulfated sLeXs attached to core 2-
branched O-glycans, expressed on HEV-like vessels in gastric MALT lymphoma, function as L-
selectin ligands and likely contribute to H. pylori-specific T-cell recruitment in the progression of
gastric MALT lymphoma.
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stomach; mucosa-associated lymphoid tissue; lymphoma; high endothelial venule-like vessel; 6-
sulfo sialyl Lewis X; non-sulfated sialyl Lewis X; core 2-branched O-glycan

Introduction
Primary gastric lymphomas account for 3% of all gastric malignancies [1]. Most are
categorized as extranodal marginal zone B-cell lymphomas of mucosa-associated lymphoid
tissue (MALT), or MALT lymphoma, in the WHO classification [2]. Neoplastic B cells
originate from the marginal zone of secondary follicles in MALT, which are, in most cases,
generated in response to Helicobacter pylori infection [3]. Proliferation of neoplastic B cells
requires the presence of T-cells specifically activated by H. pylori antigens [4,5]. The
importance of this stimulation is impressively demonstrated by the fact that eradication of H.
pylori with antibiotics, which has become established clinical practice, results in regression
of lymphoma in approximately 75% of cases [6].

MALT lymphomas are clinically indolent, requiring long-term clinical surveillance with
repeated biopsies. Pathologists, cooperating closely with clinicians, play a central role in the
diagnosis and management of these patients [7]. A primary diagnostic difficulty, particularly
in endoscopic biopsies, is in distinguishing so-called low-grade MALT lymphoma, i.e.,
MALT lymphoma without transformation into diffuse large B-cell lymphoma (DLBCL),
from the marked chronic inflammation that sometimes occurs in H. pylori gastritis. Such
characterization may be extremely difficult, particularly in small biopsies, and repeated
sampling and/or careful endoscopic follow-up is required to distinguish these conditions.
Additionally, histological assessment of therapeutic effect after H. pylori eradication is also
challenging. Therefore, novel markers are required to distinguish between these two
pathological conditions.

Circulating lymphocytes enter secondary lymphoid organs such as lymph nodes, tonsils, and
Peyer’s patches, where they encounter foreign antigens by interacting with antigen-
presenting cells [8]. This lymphocyte homing is mediated by a cascade of adhesive
interactions between circulating lymphocytes and specialized venules called high endothelial
venules (HEVs). Peripheral lymph node addressin (PNAd), a glycoprotein complex
recognized by the MECA-79 monoclonal antibody [9], is constitutively displayed on these
HEVs and bound by L-selectin expressed on lymphocytes, contributing to “tethering and
rolling”, the initial step of lymphocyte homing [10]. Among PNAd family, CD34 is broadly
expressed on the vascular endothelium, but limited portion of vessels, e.g., HEVs in
secondary lymphoid organs and presumably HEV-like vessels in inflamed sites, express
glycoforms that are L-selectin reactive [10,11]. The MECA-79 epitope has been shown to be
6-sulfo N-acetyllactosamine attached to extended core 1 O-glycans,
Galβ1→4(sulfo→6)GlcNAcβ1→3Galβ1→3GalNAcα1→Ser/Thr (Figure 1), and its
sialylated and fucosylated form, 6-sulfo sialyl Lewis X (sLeX) attached to extended core 1
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O-glycans,
Siaα2→3Galβ1→4[Fucα1→3(sulfo→6)]GlcNAcβ1→3Galβ1→3GalNAcα1→Ser/Thr
(Figure 1), is also recognized by this antibody [12]. Although 6-sulfo sLeX displayed on
core 2-branched O-glycans is not recognized by this antibody, it is also bound by L-selectin
and plays a dominant role in lymphocyte homing [12,13]. This L-selectin ligand
carbohydrate is overlapped with the epitope detected by NCC-ST-439 monoclonal antibody,
which recognizes sLeX attached to core 2-branched O-glycans,
Siaα2→3Galβ1→4(Fucα1→3)GlcNAcβ1→6(Galβ1→3)GalNAcα1→Ser/Thr (Figure 1),
regardless of GlcNAc-6-O-sulfation [14,15]. These two L-selectin ligand carbohydrates are
also detected by the HECA-452 monoclonal antibody, which recognizes sLeX-capped
structures, Siaα2→3Galβ1→4(Fucα1→3)GlcNAcβ1→R (Figure 1), regardless of
GlcNAc-6-O-sulfation, on both N- and O-glycans [14,16–18].

Although PNAd is absent in non-lymphoid tissues under normal conditions, it is induced on
HEV-like vessels in various chronic inflammatory states [10,11,14,19–21]. We previously
showed that PNAd-expressing HEV-like vessels are induced in chronic H. pylori gastritis,
and that progression of chronic inflammation is highly correlated with the occurrence of
such vessels [14]. Moreover, we found that eradication of H. pylori with antibiotics is
associated with the disappearance of these vessels and only a minimal amount of residual
lymphocyte infiltrate. These results indicate that lymphocyte recruitment in chronic H.
pylori gastritis is at least partly regulated by PNAd. It was reported by Dogan et al. that
PNAd-expressing HEV-like vessels were also present in low-grade gastric MALT
lymphoma [22]; however, biochemical and functional characteristics of L-selectin ligand
carbohydrates expressed on these vessels remains to be determined.

In the present study, we demonstrate that MECA-79−/HECA-452+/NCC-ST-439+ HEV-like
vessels are preferentially found in gastric MALT lymphoma compared with chronic H.
pylori gastritis, a finding that should be helpful to distinguish gastric MALT lymphoma
from chronic H. pylori gastritis in histological diagnosis. We also show that MECA-79−/
HECA-452+/NCC-ST-439+ glycans, e.g., 6-sulfo and non-sulfated sLeX attached to core 2-
branched O-glycans, function as dominant L-selectin ligands, suggesting the potential
contribution of these O-glycans to H. pylori-specific T-cell recruitment in the pathogenesis
of gastric MALT lymphoma.

Materials and methods
Histological samples

Formalin-fixed paraffin-embedded (FFPE) blocks of gastric biopsy specimens with MALT
lymphoma without a DLBCL component (n = 22) and H. pylori gastritis with marked
chronic inflammation (n = 31) as assessed by the updated Sydney system [23] were retrieved
from the pathological archives of the Department of Laboratory Medicine, Shinshu
University Hospital. The analysis of human stomach tissues was approved by the Ethics
Committee of Shinshu University School of Medicine (reference number 191, approved on
October 3rd, 2006).

Antibodies
The following monoclonal antibodies served as primary antibodies: QBEND10 recognizing
human CD34, a marker for vascular endothelial cells (Immunotech, Luminy, France),
MECA-79 (BD Pharmingen, San Diego, CA, USA) [9,12], HECA-452 (BD Pharmingen)
[14,16–18], and NCC-ST-439 (Nippon Kayaku, Tokyo, Japan) [14,15].
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Immunohistochemistry
Immunohistochemistry for CD34, MECA-79, and HECA-452 was carried out using an
indirect method, and that for NCC-ST-439 was done by the labeled streptavidin-biotin
(LSAB) method as described previously [20,24]. Details are given in the Supporting
information, Supplementary materials and methods.

Quantification of MECA-79+, HECA-452+, and NCC-ST-439+ vessels
For each biopsy specimen, the numbers of CD34+, MECA-79+, HECA-452+, and NCC-
ST-439+ vessels in 5 high-power fields of view with ×400 magnification were determined
under a BX51 microscope (Olympus, Tokyo, Japan). The numbers of MECA-79+,
HECA-452+, and NCC-ST-439+ vessels each were divided by the number of CD34+ vessels,
yielding percentages of MECA-79+, HECA-452+, and NCC-ST-439+ vessels, respectively,
as described [11,14].

Stable expression of a set of sLeX-capped glycans on CHO cells
Since CHO cells lack enzymes catalyzing core 2 branching, core 1 extension, α1,3-
fucosylation, and GlcNAc-6-O-sulfation [12,13,25,26], we used this cell line to express a
battery of sLeX-capped glycans by sequential transfections with cDNAs encoding enzymes
functioning in one of those reactions. CD34 was introduced as a scaffold protein for such
sLeX glycosylation because it has been widely accepted that it is a major scaffold protein
expressed on vascular endothelial cells including HEVs [10] while contribution of this
protein in gastric MALT lymphoma and chronic H. pylori gastritis has not been reported.
Sequential transfections were carried out in a similar fashion as described previously [21].
Detailed transfection procedures are given in the Supporting information, Supplementary
materials and methods. Each CHO cell line established was tested for CD34, MECA-79,
HECA-452, and NCC-ST-439 antibody reactivity by FACS analysis using FACSort (BD
Bioscience, San Jose, CA, USA) with FlowJo software (Tree Star, Ashland, OR, USA).
Putative carbohydrate structures expressed on these CHO cell lines are listed in Table 1.

Western blot analysis
Expression of a particular sLeX-type glycan on CD34 was confirmed by Western blot
analysis as described previously [21]. Details are given in the Supporting information,
Supplementary materials and methods.

L-selectin•IgM chimera binding assay
To obtain L-selectin•IgM chimeras, HEK 293T cells were transiently transfected with
pcDNA1.1-L-selectin•IgM [14] and cultured for 4 days in Dulbecco’s Modified Eagle
Medium (DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS) (HyClone, South Logan, UT, USA). Conditioned medium was collected and
concentrated ~40-fold using Centriprep YM-30 (Millipore, Billerica, MA, USA). CHO cell
lines were dissociated into mono-dispersed cells using phosphate-buffered saline (PBS)
supplemented with 0.5 mM EDTA. For control experiments, these cells were treated with
0.2 U/ml of sialidase (neuraminidase from Arthrobacter ureafaciens) (Nacalai Tesque,
Kyoto, Japan) at 37°C for 60 min. After washing with DMEM, mono-dispersed cells were
incubated with L-selectin•IgM chimera in the presence of Ca2+ at 4°C for 60 min with
gentle rocking. After washing, cells were incubated with FITC-conjugated goat anti-human
IgM Fc5µ (Pierce Biotechnology, Rockford, IL, USA) diluted 1:100 at 4°C for 15 min.
After washing, stained cells were subjected to FACS analysis. Negative control experiments
were done by substituting DMEM with DMEM supplemented with 1 mM EDTA throughout
the procedure.
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Lymphocyte adhesion assay
A lymphocyte adhesion assay was carried out as described previously [29] with
modifications. 5 × 104 cells from various CHO lines were seeded onto Lab-Tech 4-well
glass chamber slides (Nalge Nunc International, Naperville, IL, USA) 24 hours prior to
assay, and for control experiments, CHO cells were treated with either 5,000 U/ml N-
glycanase or 0.2 U/ml sialidase at 37°C for 60 min. Human peripheral blood lymphocytes
were isolated from a healthy volunteer by density separation over a Ficoll gradient using
Lymphoprep (Axis-Shield Poc, Oslo, Norway) according to the manufacturer’s instruction.
For control experiment, lymphocytes were treated with 10 µg/ml anti-human L-selectin
antibody Dreg-56 [30] at 4°C for 10 min. 500 µl of the lymphocyte suspension at a
concentration of 2 × 106 cells/ml in RPMI 1640 supplemented with 20 mM HEPES were
layered onto CHO cells in each well and incubated for 30 min on a rotating shaker. Non-
adherent cells were washed off by rinsing three times with 1 ml of RPMI 1640 with or
without 1 mM EDTA. After fixation with PBS containing 1% glutaraldehyde, slides were
observed with Nomarski differential interference optics using an AX-80 microscope
(Olympus). The number of each CHO cells and adherent lymphocytes in 5 fields of view
with ×200 magnification was determined, and the number of lymphocytes attached per 100
CHO cells was calculated.

Cell-enzyme-linked immunosorbent assay (ELISA)
Cell-ELISA was performed essentially as described previously [31] (for details, see
Supporting information, Supplementary materials and methods).

Statistical analysis
All data are expressed as means ± SEM. Differences between groups were statistically
analyzed by either the two-tailed unpaired Student’s t-test or the Mann-Whitney U-test,
where appropriate, using InStat 3 software (GraphPad Software, San Diego, CA, USA). p
values less than 0.05 were considered significant.

Results
Preferential occurrence of MECA-79−/HECA-452+/NCC-ST-439+ HEV-like vessels in gastric
MALT lymphoma

We first determined immunohistochemical profiles of HEV-like vessels in chronic H. pylori
gastritis and gastric MALT lymphoma using MECA-79, HECA-452, and NCC-ST-439
antibodies. As shown in Figure 2A, HEV-like vessels induced in chronic H. pylori gastritis
were robustly stained with MECA-79; however, less than half of those MECA-79+ vessels
stained positively with HECA-452 and NCC-ST-439 antibodies. On the other hand, in
gastric MALT lymphoma, in addition to MECA-79+ HEV-like vessels, MECA-79−/
HECA-452+/NCC-ST-439+ vessels were frequently observed (Figure 2B).

We then evaluated the proportions of MECA-79+, HECA-452+, or NCC-ST-439+ vessels
among CD34+ vessels in these two pathological settings. As shown in Figure 3, in chronic
H. pylori gastritis, the percentage of MECA-79+ vessels (3.12 ± 0.83%) was greater than
that of HECA-452+ (0.79 ± 0.34%) and NCC-ST-439+ (0.37 ± 0.08%) vessels with high
statistical significance (p < 0.001), while in gastric MALT lymphoma, the percentage of
MECA-79+ (3.11 ± 0.75%), HECA-452+ (4.47 ± 1.09%), and NCC-ST-439+ (3.90 ± 0.78%)
vessels did not differ significantly. Furthermore, while the percentage of MECA-79+ vessels
did not differ between chronic H. pylori gastritis and gastric MALT lymphoma, the
percentage of HECA-452+ and NCC-ST-439+ vessels in gastric MALT lymphoma was
greater than that seen in chronic H. pylori gastritis, with high statistical significance (p <
0.001). In addition, the percentages of MECA-79+ (1.62 ± 0.40%), HECA-452+ (0.40 ±
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0.40%), and NCC-ST-439+ (0.06 ± 0.06%) vessels in accompanied reactive component of
gastric MALT lymphoma showed similar patterns seen in chronic H. pylori gastritis.

These results indicate that the number of HECA-452+ and NCC-ST-439+ but not
MECA-79+ HEV-like vessels increases in gastric MALT lymphoma and suggest that the
presence of MECA-79−/HECA-452+/NCC-ST-439+ HEV-like vessels is a characteristic
phenotype of gastric MALT lymphoma.

MECA-79−/HECA-452+/NCC-ST-439+ 6-sulfo sLeX-capped core 2-branched O-glycans are
bound by an L-selectin•IgM chimera

Considering the carbohydrate epitope recognized by MECA-79, HECA-452, and NCC-
ST-439 antibodies (see Figure 1), MECA-79−/HECA-452+/NCC-ST-439+ HEV-like vessels
observed in gastric MALT lymphoma should express at least one of the following sLeX-
capped glycans: i) non-sulfated sLeX attached to core 2-branched O-glycans, ii) 6-sulfo
sLeX attached to core 2-branched O-glycans, or iii) non-sulfated sLeX attached to both
extended core 1 and core 2-branched O-glycans. To determine L-selectin-binding properties
of these MECA-79−/HECA-452+/NCC-ST-439+ glycans, we first established CHO lines
stably expressing CD34 decorated with one of the above glycans, as well as those with
MECA-79−/HECA-452+/NCC-ST-439− glycans including iv) non-sulfated sLeX attached to
N-glycans, v) 6-sulfo sLeX attached to N-glycans, vi) non-sulfated sLeX attached to
extended core 1 O-glycans, those with MECA-79+/HECA-452+/NCC-ST-439− O-glycans
vii) 6-sulfo sLeX attached to extended core 1 O-glycans, and those with MECA-79+/
HECA-452+/NCC-ST-439+ O-glycans viii) 6-sulfo sLeX attached to both extended core 1
and core 2-branched O-glycans (Table 1). Expression of a particular sLeX-type
carbohydrate in each line was confirmed by FACS analysis (Figure 4). As expected, all lines
transfected with cDNA encoding α1,3-fucosyltransferase 7 (FucT-7) [27] were HECA-452-
positive, and those transfected with cDNA encoding core 2 branching β1,6-N-
acetylglucosaminyltransferase 1 (Core2GlcNAcT-1) [26] were NCC-ST-439-positive. All
lines transfected with a combination of cDNAs encoding core 1 extending β1,3-N-
acetylglucosaminyltransferase (Core1-β3GlcNAcT) [12] and N-acetylglucosamine-6-O-
sulfotransferase 2 (GlcNAc6ST-2) [13] were MECA-79-positive. Moreover, expression of
these sLeX-type carbohydrates on CD34 was confirmed by Western blot analysis (Figure 5).
It revealed that these carbohydrate epitopes were displayed on CD34; however,
interestingly, CD34 obtained from CHO cells expressing sLeX attached to both extended
core 1 and core 2-branched O-glycans (CHO/CD34/F7/C2/C1 and CHO/CD34/F7/C2/C1/
LSST) did not efficiently bound by NCC-ST-439 antibody compared to those obtained from
CHO cells expressing sLeX attached to only core 2-branched O-glycans. This finding is
consistent with the data obtained by FACS analysis showing less NCC-ST-439 signals of
CHO/CD34/F7/C2/C1 and CHO/CD34/F7/C2/C1/LSST compared with CHO/CD34/F7/C2
and CHO/CD34/F7/C2/LSST, respectively (Figure 4). It could be postulated that the epitope
for NCC-ST-439 antibody might be undergone steric hindrance by sLeX attached to
extended core 1 O-glycans, particularly in SDS-PAGE.

These CHO cell lines were then subjected to an L-selectin•IgM chimera binding assay. As
shown in Figure 6, the L-selectin•IgM chimera bound most robustly to CHO/CD34/F7/C2/
LSST and CHO/CD34/F7/C2/C1/LSST at similar levels. On the other hand, in addition to
non-sulfated sLeX expressors CHO/CD34/F7, CHO/CD34/F7/C1, CHO/CD34/F7/C2, and
CHO/CD34/F7/C2/C1, not only CHO/CD34/F7/LSST but also CHO/CD34/F7/C1/LSST,
which should express 6-sulfo sLeX attached to extended core 1 O-glycans, were not bound
efficiently by the chimera.

This unexpected result prompted us to confirm the carbohydrate structure expressed on
CHO cell lines, particularly in the CHO/CD34/F7/C1/LSST line, because it is widely
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accepted that 6-sulfo sLeX attached to extended core 1 O-glycans is an L-selectin ligand.
Mass spectrometry analysis confirmed that 6-sulfo sLeX attached to extended core 1 O-
glycans was present in CHO/CD34/F7/C1/LSST, while 6-sulfo sLeX attached to core 2-
branched O-glycans was detected in CHO/CD34/F7/C2/LSST (Supporting information,
Supplementary materials and methods and Figure S1). In addition, 6-sulfo sLeX on N-
glycans were observed in all the lines tested (Supporting information, Figure S2).

These results collectively indicate that in an in vitro assay 6-sulfo sLeX attached to core 2-
branched O-glycans is preferentially bound by L-selectin•IgM chimera compared to 6-sulfo
sLeX attached to extended core 1 O-glycans and N-glycans.

MECA-79−/HECA-452+/NCC-ST-439+ 6-sulfo and non-sulfated sLeX-capped core 2-
branched O-glycans are bound by L-selectin-expressing lymphocytes

To analyze the above finding under more physiological conditions, we carried out a
lymphocyte adhesion assay on the various CHO cell lines. As shown in Figure 7,
lymphocytes adhered to cells expressing 6-sulfo sLeX attached to extended core 1 and/or
core 2-branched O-glycans (Figure 7C), and to those expressing non-sulfated sLeX attached
to core 2-branched O-glycans with or without sLeX attached to extended core 1 O-glycans
(Figure 7B), but negligibly to those expressing 6-sulfo sLeX attached to N-glycans and non-
sulfated sLeX attached to extended core 1 O-glycans or N-glycans, as well as control CHO/
CD34 cells (Figure 7A). As shown in Figure 8A, the number of lymphocytes attached per
100 CHO cells in CHO/CD34/F7/C1/LSST, CHO/CD34/F7/C2, CHO/CD34/F7/C2/LSST,
CHO/CD34/F7/C1/C2, and CHO/CD34/F7/C2/C1/LSST lines was greater than that seen in
control CHO/CD34 cells with statistical significance, while that seen in the other lines did
not differ significantly. Such lymphocyte adhesion was maintained after treatment with N-
glycanase, and almost completely abrogated by the treatment with sialidase and Dreg-56 as
well as EDTA, indicating that the lymphocyte adhesion to these CHO transfectants is L-
selectin dependent. To exclude the possibility that these differences originate from
differences in the absolute amount of sLeX expressed, we undertook cell-ELISA. As shown
in Figure 8B, the amount of sLeX among sLeX expressors did not differ significantly, while
control CHO/CD34 cells expressed minimal levels of sLeX.

These results combined indicate that MECA-79−/HECA-452+/NCC-ST-439+ 6-sulfo and/or
non-sulfated sLeX-capped core 2-branched O-glycans, which appear in gastric MALT
lymphoma, as well as MECA-79+/HECA-452+/NCC-ST-439+ 6-sulfo sLeX-capped
extended core 1 and core 2-branched O-glycans induced in both chronic H. pylori gastritis
and gastric MALT lymphoma, function as dominant L-selectin ligands, and that 6-sulfo and/
or non-sulfated sLeX-capped N-glycans, at least in this experimental context, play only
marginal role as L-selectin ligands.

Discussion
The present study demonstrates preferential appearance of MECA-79−/HECA-452+/NCC-
ST-439+ HEV-like vessels in gastric MALT lymphoma. Most of HEV-like vessels in
chronic H. pylori gastritis showed a MECA-79+/HECA-452−/NCC-ST-439− profile, while
those in gastric MALT lymphoma often showed a MECA-79−/HECA-452+/NCC-ST-439+

profile. This finding suggests that occurrence of MECA-79−/HECA-452+/NCC-ST-439+

HEV-like vessels is a hallmark of gastric MALT lymphoma, an observation that could
facilitate diagnosis of these two diseases.

Presuming that HEV-like vessels are fully glycosylated and sulfated, as shown in Figure 1,
such vessels should demonstrate a MECA-79+/HECA-452+/NCC-ST-439+ profile. Thus, the
existence of MECA-79−/HECA-452+/NCC-ST-439+ HEV-like vessels in gastric MALT
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lymphoma suggests that GlcNAc-6-O-sulfation catalyzed by GlcNAc6ST-1/GlcNAc6ST-2
[13,25,28], and/or core 1 extension catalyzed by Core1-β3GlcNAcT [12], both of which are
required for the MECA-79 epitope, do not always occur in those vessels. Another possibility
is that expression of Core2GlcNAcT-1 [26] is increased relative to that of Core1-
β3GlcNAcT in gastric MALT lymphoma. As previously reported by Drayton et al.,
lymphotoxin produced by T cells is the chemokine responsible for increasing GlcNAc6ST-2
transcripts [35]. Conceivably, a similar mechanism may function to GlcNAc6ST-1 and/or
Core1-β3GlcNAcT; however, currently, such a mechanism remains to be clarified. It is
possible that gastric MALT lymphoma cells and tumor-infiltrating T cells could not
efficiently secrete lymphotoxin compared to non-neoplastic lymphocyte in chronic H. pylori
gastritis. We undertook RT-PCR analysis of total RNA prepared from FFPE tissue sections
but observed no apparent down-regulation of transcripts encoding GlcNAc6ST-1/
GlcNAc6ST-2 or Core1-β3GlcNAcT, or increased expression of Core2GlcNAcT-1 in
tissues derived from gastric MALT lymphoma relative to chronic H. pylori gastritis (data
not shown and Supporting information, Supplementary materials and methods, and Figure
S3). This finding might be due to “contamination” by substantial numbers of coexisting
MECA-79+ vessels or by stromal and/or epithelial cells. Further study is required to
compare gene expression profiles in tissue samples from these pathological conditions.

The present study also demonstrates that MECA-79−/HECA-452+/NCC-ST-439+ sLeX-
capped core 2-branched O-glycans, even without GlcNAc-6-O-sulfation, play a dominant
role in L-selectin-expressing lymphocyte binding. Since it is extremely difficult to isolate
sufficient amounts of pure MECA-79−/HECA-452+/NCC-ST-439+ HEV-like vessels from
human stomach, we could not analyze directly the carbohydrate structure and function of the
glycans on these vessels. Instead, we established CHO cell lines stably expressing CD34
decorated with sLeX-capped glycans to assess L-selectin-binding properties of possible
MECA-79−/HECA-452+/NCC-ST-439+ glycans in vitro. Interestingly, not only 6-sulfo
sLeX but also non-sulfated sLeX attached to core 2-branched O-glycans showed
demonstrable L-selectin-binding properties, as assessed by lymphocyte adhesion to CHO
lines. This result is consistent with our previous study demonstrating that GlyCAM-1
derived from GlcNAc6ST-1/GlcNAc6ST-2 double-knockout mice weakly supported rolling
when GlyCAM-1 was displayed at high density [36]. It has been shown that L-selectin
preferentially recognizes non-sulfated sLeX on core-2 branched O-glycans when O-glycans
are present at the N-terminus of P-selectin glycoprotein ligand 1 (PSGL-1), and binding to
sLeX on extended core 1 O-glycans is much weaker [10,37]. Sulfated tyrosine residues
present at the N-terminus of PSGL-1 are required for high affinity binding to L-selectin.
These findings collectively suggest that non-sulfated sLeX attached to core 2-branched O-
glycans is a critical epitope for L-selectin binding, and that GlcNAc-6-O-sulfation on this
carbohydrate structure increases L-selectin-binding affinity.

Thus far, it is widely accepted that 6-sufo sLeX attached to extended core 1 O-glycans is an
L-selectin ligand, and indeed, we have demonstrated its L-selectin binding using an in vitro
rolling assay [12] and also in the present study by a lymphocyte adhesion assay. However,
surprisingly, CHO/CD34/F7/C1/LSST cells expressing this type of O-glycan did not show
detectable L-selectin binding properties in L-selectin•IgM chimera binding assay. It is
tempting to speculate that L-selectin•IgM chimeras do not manifest physiologically relevant
adhesion by L-selectin expressed on lymphocytes, most likely due to absence or very weak
shearing force of soluble L-selectin•IgM chimera in solution. We previously reported that
Core2GlcNAcT-1 single-knockout mice showed more significant reduction in lymphocyte
homing compared to Core1-β3GlcNAcT single-knockout mice [38], and that CHO/CD34/
F7/C1 cells showed less rolling compared to CHO/CD34/F7/C2 cells [39]. Conceivably, 6-
sulfo sLeX attached to extended core 1 O-glycans may function as an L-selectin ligand, but
its L-selectin-binding affinity is lower compared to that attached to core 2-branched O-
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glycans, which makes it difficult to detect L-selectin binding by using L-selectin•IgM
chimeras. These findings, together with the present finding, indicate that 6-sulfo sLeX on
core 2 branched O-glycans play a dominant role in lymphocyte rolling and subsequent
homing.

Additionally, CHO/CD34/F7/LSST cells expressing 6-sulfo sLeX on N-glycans did not
show apparent L-selectin binding in this study, although we previously showed that CHO
cells expressing 6-sulfo sLeX only on N-glycans supported shear stress-dependent
lymphocyte rolling when a flow chamber was used. [38]. In that assay, the shear force at
1.16 dynes/cm2 yielded the highest number of rolling cells, but at higher or lower shear
forces resulted in negligible number of rolling lymphocytes. It is possible that the data
obtained from the present in vitro lymphocyte adhesion assay do not reflect results obtained
from in vitro rolling assay with optimal shear force. Also in support of our finding,
Hernandez et al. recently showed that N-glycans containing potential 6-sulfo sLeX epitopes
were present in L-selectin-binding human CD34, but removal of those epitopes did not
abolish L-selectin binding, most likely because O-glycan-based 6-sulfo sLeX is still present
[40]. These data collectively suggest that 6-sulfo sLeX attached to N-glycans does not
contribute significantly to L-selectin-dependent lymphocyte rolling, at least in vitro, but that
it may play a role in L-selectin-dependent lymphocyte rolling in vivo, in particular when 6-
sulfo sLeX on O-glycans is absent.

It is of interest whether MECA-79−/HECA-452+/NCC-ST-439+ HEV-like vessels function
in the histogenesis of gastric MALT lymphoma. Gastric MALT lymphoma develops from
MALT that has already formed as a consequence of H. pylori infection. Therefore, as
proposed by Dogan et al. [22], HEV-like vessels within the tumor may not play a role in
lymphoma progression. However, considering that proliferation of neoplastic B cells
requires the presence of H. pylori-specific T-cells [4,5], and that 30 to 95% of tumor-
infiltrating T-cells in gastric MALT lymphoma express L-selectin [41], these HEV-like
vessels may help recruit H. pylori-specific T-cells to the tumor site and therefore facilitate
tumor progression.

In conclusion, the present study demonstrates that MECA-79−/HECA-452+/NCC-ST-439+

HEV-like vessels are preferentially found in gastric MALT lymphoma compared with
chronic H. pylori gastritis, and identifies an immunohistochemical hallmark for gastric
MALT lymphoma to differentiate that condition from chronic H. pylori gastritis in
pathological evaluations. The present study also demonstrates that MECA-79−/HECA-452+/
NCC-ST-439+ glycans, sLeXs attached to core 2-branched O-glycans, regardless of
GlcNAc-6-O-sulfation, function as dominant L-selectin ligands and potentially contribute to
H. pylori-specific T-cell recruitment in the histogenesis of gastric MALT lymphoma.
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Figure 1.
Schematic representation of carbohydrate structure of L-selectin ligands. 6-sulfo sLeX
attached to extended core 1 and/or core 2-branched O-glycans functions as an L-selectin
ligand. Epitopes for monoclonal antibodies MECA-79 (6-sulfo N-acetyllactosamine attached
to extended core 1 O-glycans), HECA-452 (sLeX, regardless of GlcNAc-6-O-sulfation), and
NCC-ST-439 (sLeX attached to core 2-branched O-glycans, regardless of GlcNAc-6-O-
sulfation) are shown.
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Figure 2.
HEV-like vessels appear in chronic H. pylori gastritis (A) and gastric MALT lymphoma (B).
Serial tissue sections were stained with hematoxylin and eosin (HE), and immunostained for
CD34 as a marker of vascular endothelial cells, MECA-79, HECA-452, and NCC-ST-439.
In chronic H. pylori gastritis, more than half of MECA-79+ vessels are HECA-452−/NCC-
ST-439−. Conversely, in gastric MALT lymphoma, MECA-79− but HECA-452+/NCC-
ST-439+ vessels are frequently observed. Bar = 200 µm.
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Figure 3.
Frequency of MECA-79+, HECA-452+, and NCC-ST-439+ HEV-like vessels in chronic H.
pylori gastritis (left), gastric MALT lymphoma (middle), and its accompanied reactive
component (right). In chronic H. pylori gastritis, the percentage of MECA-79+ vessels is
greater than that of HECA-452+ and NCC-ST-439+ vessels, with high statistical significance
(p < 0.001). Conversely, in gastric MALT lymphoma, the percentages of MECA-79+,
HECA-452+, and NCC-ST-439+ vessels do not differ significantly. The percentage of
HECA-452+ and NCC-ST-439+ but not MECA-79+ vessels in gastric MALT lymphoma is
greater than that seen in chronic H. pylori gastritis, with statistical significance. In addition,
the percentages of MECA-79+, HECA-452+, and NCC-ST-439+ vessels in accompanied
reactive component of gastric MALT lymphoma shows similar patterns seen in chronic H.
pylori gastritis. Data are presented as means ± SEM (n = 31 in chronic H. pylori gastritis, n
= 22 in gastric MALT lymphoma, n = 3 in accompanied reactive component of gastric
MALT lymphoma). ***, p < 0.001; **, p < 0.01.

Kobayashi et al. Page 15

J Pathol. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
FACS analysis of CHO cell lines expressing various sugar chains. Each CHO line described
in Table 1 was tested for CD34, HECA-452, MECA-79, and NCC-ST-439 reactivities.
Lighter gray lines represent negative control resulting from omitting the primary antibody.
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Figure 5.
Expression of a particular sLeX-type glycans on CD34 obtained from CHO cell lines
described in Table 1. CD34 obtained from all lines except control CHO/CD34 cells are
positive for HECA-452, and such HECA-452 glycoepitopes are eliminated after treatment
with N-glycanase. The MECA-79 epitope is detected in CHO cells transfected with both
Core1-β3GlcNAcT and LSST (GlcNAc6ST-2). The NCC-ST-439 epitope is detected in
CHO/CD34/F7/C2 with or without transfection with LSST.
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Figure 6.
L-selectin•IgM chimera binding assay of CHO cell lines. CHO cell lines listed in Table 1
were tested. The L-selectin•IgM chimera most robustly binds to the CHO/CD34/F7/C2/
LSST and CHO/CD34/F7/C2/C1/LSST lines at almost equivalent levels. The remaining
lines show only marginal L-selectin•IgM binding. Red histograms represent L-selectin•IgM
chimera bindings. Blue and gray histograms indicate control experiments using cells treated
with sialidase and EDTA, respectively.
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Figure 7.
Lymphocyte adhesion to CHO cell lines expressing various sugar chains. CHO lines listed
in Table 1 were examined. Lymphocyte adhesion to CHO/CD34 (A), CHO/CD34/F7/C2
(B), and CHO/CD34/F7/C2/LSST (C) observed with Nomarski differential interference
optics is shown. Arrows indicate adhered lymphocytes. Note that treatments with sialidase,
Dreg-56, and EDTA completely abolish lymphocyte adhesions. Bar = 100 µm. Data are
representative of three independent experiments showing similar results.
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Figure 8.
(A) The number of adherent lymphocytes per 100 CHO cells is shown. CHO cells
expressing sLeX on a core 2-branched O-glycan backbone, regardless of GlcNAc-6-O-
sulfation, and those expressing 6-sulfo sLeX attached to extended core 1 O-glycans are
significantly bound by lymphocytes. Such lymphocyte adhesions are maintained after
treatment with N-glycanase, but almost completely abrogated with treatments with sialidase,
Dreg-56, or EDTA. ***, p < 0.001; *, p < 0.05. Data are representative of three independent
experiments showing similar results. (B) The amount of sLeX expressed on each CHO cell
line, as assessed by cell-ELISA. Expression of sLeX on CHO cell lines does not differ
except for CHO/CD34, which serve as a control.
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Table 1

CHO cell lines expressing CD34 decorated with sLeX-type glycans

Name Putative sLeX-type glycans on CD34

CHO/CD34 (control) None

CHO/CD34/F7 SLeX attached to N-glycans

CHO/CD34/F7/LSST 6-sulfo sLeX attached to N-glycans

CHO/CD34/F7/C1 SLeX attached to extended core 1 O-glycans and N-glycans

CHO/CD34/F7/C1/LSST 6-sulfo sLeX attached to extended core 1 O-glycans and N-glycans

CHO/CD34/F7/C2 SLeX attached to core 2-branched O-glycans and N-glycans

CHO/CD34/F7/C2/LSST 6-sulfo sLeX attached to core 2 O-glycans and N-glycans

CHO/CD34/F7/C2/C1 SLeX attached to both extended core 1 and core 2 O-glycans and N-glycans

CHO/CD34/F7/C2/C1/LSST 6-sulfo sLeX attached to both extended core 1 and core 2 O-glycans and N-glycans
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