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Gastric B-cell lymphoma of mucosa-associated lym-
phoid tissue type is closely linked to chronic Helico-
bacter pylori infection. Most clinical and histopatho-
logical features of the tumor can be reproduced by
prolonged Helicobacter infection of BALB/c mice. In
this study, we have addressed the role of antigenic
stimulation in the pathogenesis of the lymphoma
by experimental infection with Helicobacter felis ,
followed by antibiotic eradication therapy and subse-
quent re-infection. Antimicrobial therapy was suc-
cessful in 75% of mice and led to complete histologi-
cal but not “molecular” tumor remission. Although
lympho-epithelial lesions disappeared and most gas-
tric lymphoid aggregates resolved, transcriptional
profiling revealed the long-term mucosal persistence
of residual B cells. Experimental re-introduction of
Helicobacter led to very rapid recurrence of the lym-
phomas, which differed from the original lesions by
higher proliferative indices and more aggressive be-
havior. Immunophenotyping of tumor cells revealed
massive infiltration of lesions by CD4� T cells, which
express CD28, CD69, and interleukin-4 but not inter-
feron-� , suggesting that tumor B-cell proliferation
was driven by Th 2-polarized, immunocompetent,
and activated T cells. Tumors were also densely colo-
nized by follicular dendritic cells, whose numbers
were closely associated with and predictive of treat-
ment outcome. (Am J Pathol 2005, 167:797–812)

The bacterial pathogen Helicobacter pylori colonizes the
gastric mucosa of roughly 50% of the world’s population
and triggers a strong local inflammatory response.
Chronic inflammation due to persistent H. pylori infection
can give rise to organized lymphoid follicles in the gastric
mucosa. This so-called mucosa-associated lymphoid tis-
sue (MALT) constitutes a premalignant condition that can
ultimately progress to “low-grade gastric B-cell lym-
phoma of MALT type” in a small subset of infected indi-
viduals. The current model of MALT lymphomagenesis
assumes that one or more neoplastic clones with char-
acteristics of marginal zone B cells arise from this back-
ground of organized MALT, colonize, and displace the
original follicles, and eventually destroy the gastric
glands and form lympho-epithelial lesions.1 Although
MALT lymphoma is generally considered an indolent tu-
mor because of its slow growth and low propensity for
spread, a small percentage of cases undergo high-grade
transformation, thereby limiting treatment options and re-
sulting in unfavorable disease outcomes.

It is now generally accepted that the antigenic stimu-
lation required to initiate the lympho-proliferative pro-
cesses of gastric MALT lymphomagenesis is provided by
H. pylori infection.2–6 A number of studies showed a high
prevalence of H. pylori infection in patients with MALT
lymphoma.7–9 In addition, retrospective serological stud-
ies demonstrated that individuals infected with this bac-
terium have a higher risk of developing lymphoma.10

Most importantly, eradication of the bacterium can lead to
regression of the lymphoma, especially in its early
stages.5,11,12 Therefore, defining the precise role this
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bacterium plays in disease initiation and progression is
critical to our further understanding of the etiology of the
disease.

We have previously shown that chronic experimental
infection of BALB/c mice with the gastric bacterium Hel-
icobacter felis results in the development of histopatho-
logical lesions that closely resemble those seen in pa-
tients diagnosed with gastric MALT lymphoma.13 In the
same model system, we were able to induce tumor re-
gression by antimicrobial eradication therapy,14 thereby
further emphasizing the parallels between the diseases in
humans and the mouse model. Interestingly, vaccination
against Helicobacter using a whole-cell sonicate vaccine
in conjunction with cholera toxin proved effective in pre-
venting lymphoma formation in the mouse model.15,16

More recently, we uncovered distinct transcriptional sig-
natures that correlate with specific histopathological dis-
ease stages and allow us to accurately predict the pa-
thology of previously unclassified samples.17

In the present study, we have addressed the effects of
the presence and absence of antigenic stimulation by
eradicating and subsequently re-introducing H. felis into a
group of mice and comparing them with littermates that
were persistently infected or had received triple therapy.
We combined whole-genome gene expression profiling
and detailed immunohistochemical analysis to obtain
clues about the nature and proliferative propensity of B
cells in progressing versus regressing tumors, the cellu-
lar composition of the tumors, and the role accessory
cells play in tumor progression.

Materials and Methods

Animal Experimentation and Histological
Analysis of Gastric Tissues

Specific pathogen-free female BALB/c mice were ob-
tained from the Animal Resources Centre, Canning Vale,
Western Australia, Australia at 6 weeks of age. Animals
were maintained under clean conditions, and all proto-
cols involving animal experimentation were approved by
the Animal Care and Ethics Committee of the University of
New South Wales. Three groups of mice were infected
orally with H. felis (CS1, ATCC 49179) as described pre-
viously13 and left for 18 months to allow for lymphoma
development; a fourth group remained uninfected as a
control. Two of the infected groups then received triple
therapy (bismuth, metronidazole, and tetracycline) for 2
weeks as described previously.18 Four weeks after the
start of therapy, one of these groups was then re-infected
with H. felis. All animals were killed 4 months after re-
infection (Figure 1A). Gastric samples were collected for
histological assessment and RNA extraction. One-half of
each stomach was fixed in 10% buffered formalin and
embedded in paraffin, and the rest was snap-frozen in
liquid nitrogen for RNA preparation. Sections were
stained with May-Grünwald-Giemsa for grading of bac-
terial colonization on a 0- to 4-point scale as described
previously19 in four different regions of the stomach (an-
trum, body, antrum/body, and body/cardia transitional

zones). Hematoxylin and eosin (H&E)-stained sections
were also graded for histopathological changes as de-
scribed previously.17 The presence of lymphoid aggre-
gates and lympho-epithelial lesions was graded on a 0 to
3 scale, and a diagnosis of lymphoma was also noted. All
slides were coded and examined blind.

RNA Extraction, Labeling, and Hybridization and
Data Analysis

RNA extractions from one-half of every stomach were
performed using Trizol reagent according to the manu-
facturer’s instructions (Invitrogen Life Technologies,
Carlsbad, CA). Total RNA was then further purified using
RNeasy kits (Qiagen, Chatsworth, CA). Gene expression
profiling with 38,000 element spotted murine cDNA mi-
croarrays was performed as described.17 The reference
for all arrays used in this study consisted of pooled cDNA
extracted from stomachs of five age-matched uninfected
control animals. Microarray data were stored in the Stan-
ford Microarray Database.20 Data were filtered with re-
spect to spot quality (spots with regression correlations
�0.6 were omitted) and data distribution (genes whose
log2 of red-to-green normalized ratio is more than 1.5 SD
away from the mean in at least three arrays were se-
lected) before clustering. Only genes for which informa-
tion was available for �70% of arrays were included.
Data were log2 transformed and analyzed using CLUS-
TER and TREEVIEW.21 Data from all of the arrays ana-
lyzed in this paper are available at http://genome-www5.
stanford.edu/.

Immunohistochemistry

Sequential 4-�m paraffin sections were stained with an-
tibodies specific for the following murine antigens:
CD45R/B220 (1:100; rat clone RA3–6B2; PharMingen/BD
Biosciences, San Jose, CA), IgM (1:50; polyclonal goat
serum; Southern Biotech, Birmingham, AL), CD79� (1:25;
rat clone HM57; Dako, Carpinteria, CA), CD3 (prediluted
polyclonal rabbit serum; Biomeda, Foster City, CA), F4/80
(1:75; rat clone A3–1; Abcam Limited, Cambridge, UK),
S100 (prediluted polyclonal rabbit serum; Dako, Carpin-
teria, CA), and proliferating cell nuclear antigen (PCNA;
1:10; mouse clone PC10; Zymed Labs Inc., South San
Francisco, CA). Antigen retrieval was performed by boil-
ing for 5 minutes in 10 mmol/L citrate buffer, pH 6, with
the following exception: the detection of CD79a and IgM
required heat retrieval in 10 mmol/L Tris and 1 mmol/L
EDTA, pH 9, and the detection of F4/80 required trypsin
digestion.

Frozen 5-�m sections were dried overnight, briefly
fixed in acetone, dried for several more hours, and
stained with antibodies against the following additional
murine antigens: Ki67 (1:100; rat clone TEC 3; Dako,
Carpinteria, CA), INF-� (1:25; rat clone RMMG-1; Chemi-
con International, Temecula, CA), interleukin (IL)-4 (1:25;
rat clone BVD4-1D11; Imgenex, San Diego, CA), CD4
(1:25; rat clone RM4-5; PharMingen/BD Biosciences),
CD8 (1:50; rat clone KT15; Chemicon International, Te-
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mecula, CA), CD40 (1:25; polyclonal goat serum; Santa
Cruz Biotech Inc., Santa Cruz, CA), CD28 (1:10; poly-
clonal goat serum; Santa Cruz Biotech Inc.), CD69 (1:10;
Armenian hamster clone H1.2F3; Santa Cruz Biotech
Inc.), and CD11c (1:50; Armenian hamster clone HL3;
PharMingen/BD Biosciences). The detection was per-
formed using biotinylated secondary antibodies in com-

bination with horseradish-peroxidase-coupled streptavi-
din (Jackson ImmunoResearch, West Grove, PA) and the
substrates DAB (Research Genetics/Invitrogen, Carls-
bad, CA), Vector SG (silver-gray), or Vector NovaRed
(Vector Labs, Burlingame, CA). All sections were coun-
terstained with hematoxylin, methyl green, or nuclear fast
red; dehydrated; and coverslipped with Permount (Fisher

Figure 1. Effect of Helicobacter eradication therapy and re-infection on MALT lymphoma progression. Groups of 8 to 12 mice were either infected for 23 months
with Helicobacter felis (group B); infected for 18 months and then treated with triple antibiotic therapy (group C); or infected for 18 months, treated, and then
re-infected with the same strain (group D). An additional group was left untreated (group A). At 23 months after initial infection, all mice were sacrificed, their
stomachs were removed, and the tissue was processed for histological analysis. A: Schematic showing the timeline of treatments of all four groups. B:
Representative H&E-stained sections of a control animal (a) and animals of groups B, C and D (b, c, and d, respectively). Animals of groups B and D are
characterized by massive lymphocytic infiltration and the destruction of the glandular architecture of the gastric body mucosa. The arrow in the inset in d points
to a typical lympho-epithelial lesion, a gastric gland that has been invaded by multiple lymphocytes. Gastric sections of animals in group C closely resemble control
sections; however, roughly one-half of all successfully treated animals in this group retain small mucosal lymphoid aggregates (c), which are not accompanied
by destructive lympho-epithelial lesions. Two of eight animals in group C were resistant to eradication therapy; gastric sections from these mice resemble those
of groups B and D (not shown).

Antigenic Drive in MALT Lymphoma Pathogenesis 799
AJP September 2005, Vol. 167, No. 3



Scientific, Pittsburgh, PA). A Zeiss Axiophot microscope
equipped with an AxioCam digital camera and AXIOVI-
SION 3.1. software (Zeiss) was used for documentation.

Results

Colonization Levels and Histopathology in Mice
after Triple Therapy and Re-Infection

To assess the effect that eradication therapy and re-
infection have on colonization densities and histopathol-
ogy of BALB/c mice, 35 mice were divided into four
groups (A-D; Figure 1A): 12 mice were infected for the
duration of the experiment (23 months, “primarily infected
group” B), 8 mice were infected together with group B but
also received a 2-week triple therapy at 18 months after
infection (“TT treated group” C), and 9 additional mice
were infected and treated along with group C and sub-
sequently re-infected 1 month after the start of triple
therapy (“re-infected group” D). The final group of six
mice received no treatment or infection (“control group”
A). All mice were sacrificed at 23 months after initial
infection; their stomachs were removed and analyzed
histologically with respect to colonization densities and
pathological changes.

The level and pattern of colonization seen in the ani-
mals in groups B and D were comparable with previous
experiments.22,23 The bacteria were found to preferen-
tially colonize the antrum and to a lesser extent the body/
cardia and antrum/body transitional zones as has been
seen previously.22 Six of the eight (75%) animals in group
C were found to be successfully cleared of bacteria. This
clearance rate was comparable with that obtained previ-
ously.14 No bacteria were detected in the uninfected
control group. Correspondingly, no inflammatory re-
sponse indicative of MALT or MALT lymphoma was ob-
served in the control animals (Figure 1B, a). In the six
animals that were successfully cleared of H. felis infection
(“group C1”), only small remnants or no MALT-type lym-
phoid aggregates were detected (Figure 1B, c). No lym-
pho-epithelial lesions or frank lymphomas were diag-
nosed in any of these animals. In contrast, a moderate to
severe cellular response, predominantly characterized

by the presence of lymphoid aggregates and the forma-
tion of lympho-epithelial lesions, was observed in animals
of groups B and D (Figure 1B, b and d, respectively), and
in those animals in group C that resisted antimicrobial
therapy (“group C2”, not shown). Of all animals that
proved to be colonized at the completion of the experi-
ment, 35% were diagnosed with low-grade MALT lym-
phoma, as evidenced by the presence of centrocyte-like
cells in the context of destructive lympho-epithelial le-
sions. Interestingly, the treatment groups differed in the
proportion of animals with frank lymphomas: only 3 of 12
animals in group B were diagnosed with lymphoma
(25%), whereas the number rose to 4 of 9 in group D
(44%), indicating that the proportion of end-stage dis-
ease was higher upon re-infection (Table 1).

Transcriptional Profiling Reveals Gene Clusters
Indicative of Infection Status and Pathology

Based on the apparent differences in pathology between
the four treatment groups, we chose to analyze the tran-
scriptional profiles of gastric tissues of all four treatment
groups with the aim of identifying transcripts whose ex-
pression pattern correlates with treatment outcome. A
representative subset of mice was selected for every
group (total of 29); a heat diagram of the �125 most
highly de-regulated genes is shown in Figure 2. Several
interesting conclusions could be drawn from this analy-
sis. Most obviously, a pan B-cell signature was found in
all stomachs that were infected with H. felis at some point
in the animals’ lives independent of the infection status at
the time of harvest (groups B, C, and D; Figure 2). This
signature is present also in the successfully eradicated
mice of the triple-therapy-treated group. It is enriched for
genes encoding the components of secretory IgA as well
as CD40 and integrin �7, B-cell markers required for the
interaction with activated T cells via CD40 ligand, and for
the homing of B cells to mucosal surfaces of the gastro-
intestinal tract, respectively. The presence of this signa-
ture in gastric tissue samples can therefore be consid-
ered an excellent marker for past or present Helicobacter
infection, even in the absence of histological evidence of
bacteria or B cells.

Table 1. Evaluation of Colonization and Histopathology in the Four Treatment Groups

Group Treatment
Colonization*

(antrum)†
Lymphoid

aggregates‡
Lymphoepithelial

lesions‡
MALT

lymphoma§

A Nil 0 0 0 0/6
B Hf alone 3.6 2.2 2.1 3/12
C1¶ Hf � TT 0 0.67 0.3 0/6
C2� Hf � TT 2.5 3.0 2.25 1/2
D Hf � TT � Hf 3.3 2.3 2.1 4/9

*Paraffin sections were stained with May-Grünwald-Giemsa for grading of bacterial colonization on a 0 to 4-point scale in four different regions of
the stomach (antrum, body, antrum/body, and body/cardia transitional zones).

†Colonization levels in the antrum are shown because they are representative of overall colonization.
‡Hematoxylin and eosin-stained sections were also evaluated for histopathological changes: the presence of lymphoid aggregates and

lymphoepithelial lesions were graded on a 0 to 3 scale. All slides were coded and examined blind.
§A diagnosis of low-grade lymphoma was made independently (M.F.D.).
¶Six of eight animals in group C were successfully treated.
�The treatment of two of eight animals in group C was not successful.
Hf, Helicobacter felis; TT, triple therapy.
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A second cluster of genes is indicative of active Heli-
cobacter infection at the time of harvest: it is uniformly
present in all of the mice of groups B and D, as well as in
those mice of group C that eluded eradication. This clus-
ter is enriched for MHC genes (class I and II), as well as
numerous cell surface receptors and signaling mole-
cules, many of which are B cell specific (eg, other
classes of immunoglobulin genes, CD52 and CD53, BclII-
A1a, c, and d) and highly expressed in premalignant or
malignant, but not normal, B cells. Of note in this cluster
is one subset of genes that is not associated with lym-
phocytes, but rather reflects mucosal damage and/or a
mucosal defense response. A marker typical of this sub-
set is the small proline-rich protein, a factor that has been
detected in numerous other screens for the effects of
mucosal injury. The vast majority of genes in the “active
infection” cluster has previously been described in our
analysis of disease progression in the same model sys-
tem and is discussed in detail elsewhere.17

Lastly and most unexpectedly, our transcriptional analy-
sis uncovered a signature indicative of re-infection. All tran-
scripts in this cluster are expressed at high levels in the
animals that received triple therapy and were subsequently

re-infected, but not at all or only at low levels in animals that
were infected for the duration of the experiment. This cluster
comprises genes encoding glutathione S-transferase and
two kinases (deoxycytidine kinase and SNF1-like kinase)
and most notably, the proliferation-associated gene A.
Based on the intriguing finding that primarily infected and
re-infected tissue profiles are similar but not identical and
perhaps characterized by different rates of proliferation, we
decided to pursue this lead further.

Lymphoid Aggregates in Primarily Infected,
Successfully Treated, and Re-Infected Mice
Differ with Respect to Proliferation Rates

To estimate the proliferative index of lymphoid aggre-
gates found in the three relevant treatment groups, we
stained paraffin sections from animals of groups B, C,
and D with an antibody directed against proliferating cell
nuclear antigen, a reliable nuclear marker of proliferation
that works well on murine formalin-fixed, paraffin-embed-
ded tissue samples (PCNA; Figure 3A, bottom panel).
Adjacent sections were stained with hematoxylin and

Figure 2. Transcriptional profiling reveals clusters of genes whose expression patterns correlate with treatment outcome. RNA was prepared from whole stomach
tissue of several animals per treatment group, reverse transcribed, and hybridized to 38,000 element murine cDNA arrays. Data were filtered with respect to spot
quality (spots with regression correlations �0.6 were omitted) and data distribution (genes whose log2 of red-to-green normalized ratio is more than 1.5 SD away
from the mean in at least three arrays were selected) before clustering of the resulting 125 genes. Only genes for which information was available for �70% of
arrays were included. Clusters of genes that are differentially regulated between treatment groups are annotated, and representative genes are listed for every
cluster. The raw data for all of the arrays of this analysis are available at http://genome-www5.stanford.edu/.
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Figure 3. The proliferative index of lymphocytic aggregates correlates with treatment outcome. Serial paraffin sections of animals of groups B, C, and D were
stained with antibodies against the B-cell marker B220, the proliferating cell nuclear antigen (PCNA), or H&E (as indicated on the left in A). A: Representative
gastric sections from animals in groups B, C, and D. B220 immuno-reactivity is comparable in the three groups. In the case of PCNA, immuno-reactivity appears
lowest in group C, intermediate in group B, and highest in group D. The immuno-reactivity of PCNA was evaluated quantitatively by two alternative approaches.
B: PCNA-positive cells were counted in five or six representative aggregates per treatment group and the means (with error bars) are indicated as percentage of
the total lymphocytic population. Pairs were subjected to an unpaired Student’s t-test and the resulting P values are indicated. C: A total of 83 aggregates from
all animals in the study were assigned one of four scores (0 to 25%, 25 to 50%, 50 to 75%, and 75 to 100%) indicative of PCNA reactivity. The number of aggregates
assigned a certain score is indicated for every treatment group.
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eosin or an antibody against the B-cell marker CD45R/
B220 (Figure 3A, top and middle panels, respectively).
The B220 panels reveal comparable staining patterns in
all three groups, indicating that lymphoid aggregates
consist in large part of B cells, independent of treatment.
In contrast, the numbers of proliferating (PCNA-positive)
cells vary dramatically between treatment groups (Figure
3A, bottom panel, and B and C). Whereas only between
3 and 7% of cells in lymphoid remnants of successfully
eradicated mice stain positive for PCNA (mean of 4.8%,
6760 cells counted in six representative aggregates; Fig-
ure 3B), between 9 and 37% stain positive in primarily
infected mice (mean of 23.2%, 9069 cells counted in six
representative aggregates), and between 33 and 54%
stain positive in re-infected mice (mean of 46%, 4732
cells counted in five representative aggregates; Figure
3B). The differences between all three pairs were statis-
tically significant (Student’s t-test; Figure 3B, P values).
PCNA-positive cells were easily distinguished morpho-
logically from noncycling cells by their large nuclei and
extensive cytoplasm (Figure 3B, H&E-stained sections in
top panel), features that give them a centrocyte-like ap-
pearance. Interestingly, the staining patterns of B220 and
PCNA suggest that proliferating cells express lower lev-

els of B220 on their surface than resting cells, indicating
that B220 may be down-regulated during proliferation.

In addition to counting PCNA-positive cells and calcu-
lating the proliferative index of representative aggre-
gates, we also quantified the proliferating population
more broadly by evaluating the staining patterns of all
lymphoid aggregates in two sections per mouse (83 ag-
gregates total) and assigning them to one of four cate-
gories (0 to 25%, 25 to 50%, 50 to 75%, 75 to 100%
positive cells). This analysis clearly confirmed the differ-
ences between the three treatment groups (Figure 3C).
The results of both quantitative approaches taken to-
gether suggest that re-introduction of H. felis not only
leads to very rapid tumor relapse in previously cured
mice, but also gives rise to more aggressively cycling
tumors.

Upon/After Re-Infection, Relapsing Tumors
Expand from Clusters of Residual, Resting B
Cells

During inspection of PCNA-stained sections of re-in-
fected mice, we occasionally observed what appeared to

Figure 4. Re-infection induces tumor expansion from
residual submucosal nonproliferating aggregates.
Two serial paraffin sections from re-infected animal
D8 were stained with H&E or with a specific antibody
against PCNA. Thin arrows point to a nonproliferat-
ing, submucosal aggregate typical of successfully
treated mice; and arrowheads point to an actively
proliferating and expanding lesion that has invaded
the gastric mucosa.
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be the re-emergence of actively proliferating tumors from
resting aggregates (Figure 4). In these areas, it seems as
if clones of PCNA-positive tumor cells have invaded the
mucosa from submucosal aggregates that strongly re-
semble the residual lymphoid remnants in triple-therapy-
treated mice. These constellations were never seen in the
other treatment groups. Based on this observation, we
propose that the residual clusters of B cells found in the
gastric mucosa of successfully eradicated mice can give
rise to new lymphomas, which possibly explains the rapid
course of tumor relapse in re-infected mice.

Proliferating Tumor Cells Are IgMhigh, B220�,
CD40low, CD79�� B Cells

The surprising observation that CD45R/B220 appeared
to be down-regulated in a proliferating subset of tumor
cells prompted us to perform a more in-depth analysis
of the immunophenotype of MALT lymphoma cells in
our model system. Double labeling with PCNA-specific
(blue-gray nuclei) and B220-specific antibodies
(brown cell surface, Figure 5A) confirmed the virtually
mutually exclusive staining pattern, raising the ques-
tion of whether cycling tumor cells were in fact B cells
at all. Double labeling of PCNA (blue-gray nuclei) and
CD3 (brown cell surface) ruled out T cells, because
these were also usually PCNA negative (Figure 5B). We
then tested another pan-B-cell marker, CD79�, which
associates noncovalently with surface Ig, forming the
B-cell receptor. Surface expression of CD79� has
been shown to begin at the pro-B-cell stage and per-
sists throughout B-cell differentiation, but is down-reg-
ulated during B-cell activation and ceases completely
around the onset of plasma cell differentiation. In our
MALT lymphoma model, we detect groups of CD79�-
positive cells (brown in Figure 5D), but these were
consistently PCNA negative and B220 negative (Figure
5C). We next assayed for CD40, a constitutively ex-
pressed surface molecule that mediates the interaction
of B cells with T cells through binding of CD40L
(CD154). Although a large proportion of tumor cells in
the lymphoid aggregates were strongly positive for
CD40 (Figure 5E), the proliferating population (Ki67-
positive, Figure 5F) was not (Figure 5, compare E and
F): it expressed only low levels of CD40.

In contrast, many PCNA-positive cells expressed
high levels of IgM on their surface (Figure 5, G and H,
arrows), showing definitively that the actively prolifer-
ating tumor cells were B cells. MALT lymphoma cells in
humans are also typically IgM�, IgD�, highlighting the
similarities between both types of tumors. In conclu-
sion, this phenotyping approach clearly demonstrated
the enormous variability among MALT lymphoma cells,
even those in one aggregate; multiple subsets of B

cells with quite different properties could be distin-
guished in the same lesion.

Tumor-Infiltrating T Cells Are Predominantly
CD4� and of the Type 2 Helper T-Cell (Th2)
Type

Previous studies have shown that tumor-infiltrating T cells
mediate the response of tumor B cells to Helicobacter
antigen: in human MALT lymphoma biopsy samples cul-
tured in vitro, death of the tumor cells can be prevented
by addition of heat inactivated H. pylori, and this effect is
abrogated by depletion of T cells from the culture.24 Our
own results indicate that large numbers of T cells also
infiltrate low-grade lymphomas of mice (Figure 5B).16 We
were therefore interested in learning more about the
types of T cells involved in this response. Figure 6 shows
a representative lymphoid aggregate stained with anti-
bodies against markers that distinguish subsets of T
cells. Although the majority of cells in the aggregate are
clearly non-proliferating B cells (B220-positive), T cells
are ubiquitous as evidenced by CD3 staining (Figure 6).
Macrophages are found only around the edges of the
tumor and are present at very low numbers (F4/80 panel).
Of the CD3-positive T cells, the majority are CD4-positive,
indicating a large T-helper subpopulation. However, a
significant CD8-positive population is also found in the
aggregate (Figure 6). We estimate the CD4:CD8 ratio to
be approximately 4:1.

Helper T cells can be categorized into T-helper (Th) 1
and 2 subsets that have very different functions. Each sub-
type is defined and characterized by the secretion of spe-
cific sets of cytokines. A Th1 cell typically produces large
amounts of interferon (IFN)-�, IL-2, and tumor necrosis fac-
tor-�, whereas a Th2 cell predominantly releases IL-4, -5, -9,
-10, and -13. We used specific immunohistochemical stain-
ing for IFN-� and IL-4 to discriminate between the subsets in
our model system: interestingly, we found very little IFN-�
but strong IL-4 reactivity, indicating that the majority of
CD4-positive cells infiltrating low-grade lymphomas are of
the Th2 type (Figure 6).

Dendritic Cells Are the Predominant Antigen-
Presenting Cell Type in MALT Lymphoma

T cells need to express costimulatory receptors in order
to become optimally activated upon antigen recognition.
One such receptor is CD28, which binds to the B7-
related surface protein CD80 (B7.1) on antigen-present-
ing cells. We tested for CD28 expression on tumor-infil-
trating T cells by immunohistochemistry and detected
high levels of CD28 on their surface, indicating that these
cells are immunocompetent (Figure 7). We further tested

Figure 5. Immunophenotype of proliferating lymphoma cells. Paraffin or cryosections were stained with the following antibodies: A, B220 (brown surface signal)
and PCNA (blue-gray nuclear signal) with methyl green counterstaining; B, CD3 (brown surface signal) and PCNA (blue-gray nuclear signal) with nuclear fast
red counterstaining; C, B220 (brown surface signal) and PCNA (blue-gray nuclear signal) with methyl green counterstaining; D, CD79 (brown surface signal) with
hematoxylin counterstaining—C and D are serial sections; E, CD40 (blue-gray surface signal) with nuclear fast red counterstaining; F, Ki67 (blue-gray nuclear
signal) with nuclear fast red counterstaining—E and F are serial sections; G and H, IgM (brown surface signal) and PCNA (blue-gray nuclear signal) with methyl
green counterstaining. Arrows indicate double labeling with both antibodies. Scale bars are included in every micrograph.
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whether tumor-infiltrating T cells are activated; surface
expression of CD69, which is among the earliest antigens
to appear after activation of T cells, indicated T-cell ac-
tivation in the environment of MALT tumors (Figure 7).

Numerous reports suggest that MALT lymphomas ex-
press antigen receptors with specificity for autoantigens;
25–27 therefore, the tumor B cells are unlikely to play a role
in the presentation of Helicobacter antigen to tumor-infil-
trating T cells. We hypothesized that either macrophages
or dendritic cells should fulfill this function. As indicated
above, we found MALT lymphomas to be surprisingly
devoid of macrophages; only very few F4/80-positive
cells can be detected in the periphery of the tumor, and
this cell type seems to be virtually excluded from the
tumor mass (Figures 6 and 7). In contrast, large numbers
of CD11c-positive dendritic cells populate the tumors,
suggesting that they are the main source of antigen pre-

sentation to intratumoral T cells (Figure 7). Further sub-
classification using antibodies against markers of my-
eloid, lymphoid, and follicular dendritic cell populations
(CD11b, CD8�, and S100, respectively) indicate that the
majority of resident dendritic cells fall into the latter cat-
egory, whereas myeloid and lymphoid dendritic cells are
not found (data not shown; Figure 8).

The Numbers of Tumor-Infiltrating Dendritic
Cells Correlate with Severity of Disease

MALT lymphoma B cells depend on the stimulation by
Helicobacter-specific accessory cells; based on our find-
ings, we believe those are follicular dendritic as well as
Th2-polarized CD4� T cells. We therefore asked whether
the numbers of tumor-infiltrating accessory cells corre-

Figure 7. Tumor-infiltrating T cells are activated and immunocompetent, and dendritic cells constitute the predominant antigen-presenting cell type in MALT
lymphoma. Serial cryosections were stained with antibodies against the indicated antigens and counterstained with nuclear fast red. CD28 is a costimulatory
receptor of T cells, and CD69 is a T-cell activation marker. CD11c is a pan-dendritic cell marker, and F4/80 is a macrophage marker. Areas of interest are shown
at high magnification. Scale bars representative of all panels are included in the top right micrographs.

Figure 6. Phenotypic characterization of tumor-infiltrating immune cells. Serial cryosections were stained in blue-gray with monoclonal antibodies against the
indicated antigens and counterstained with nuclear fast red. An H&E-stained section is included for orientation. Lymphoid aggregates are colonized by CD3� T
cells, but not F4/80� macrophages. B220� B cells constitute the predominant cell type. Tumor-infiltrating T cells are mostly CD4� and produce IL-4, but not IFN-�.
A scale bar is included in the bottom right panel.
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lated with experimental treatment, disease outcome, or
the percentage of cycling cells in the tumor mass. Inter-
estingly, the density and distribution of CD3-positive T
cells was identical in lymphoid aggregates of primary
and relapsed tumors and even in the residual aggregates
typical of regressed tumors (Figure 8, middle panels).

F4/80-positive macrophages were confined to the
edges of lymphoid aggregates in all three treatment
groups, consistent with their proposed irrelevance in
MALT lymphoma pathogenesis (Figure 8, top panels). As
with T cells, the numbers of macrophages did not change
in response to Helicobacter elimination or re-infection. In
contrast, when inspecting the staining pattern of the fol-
licular dendritic cell marker S100, we detected major
differences between treatment groups. Whereas S100�

dendritic cells were rarely observed in lymphoid rem-
nants characteristic of successfully treated mice, the
numbers were considerably higher in lesions induced by
primary infection and highest in lesions induced by re-
infection (ie, primary tumors and relapsed tumors, Figure
8, bottom panels). The distribution of dendritic cells was
also quite distinct: they are typically most highly concen-
trated in areas of the tumor facing the glandular epithe-

lium and the gastric lumen where they are most likely to
encounter Helicobacter (Figure 8, right panel in bottom
row).

Our findings suggest that although lesion-infiltrating T
cells likely play a role in triggering the proliferation of B
cells in lymphoid aggregates, their overall numbers do
not correlate with and are probably not a good indicator
of tumor behavior. In contrast, high numbers and a char-
acteristic distribution of follicular dendritic cells in close
proximity to the gastric lumen are typical of aggressive,
actively cycling tumors.

Discussion

Persistent infection of BALB/c mice with several Helico-
bacter species results in the development of gastric low-
grade MALT lymphoma with features that are strikingly
similar to the human form of the malignancy: late onset of
disease, propensity to high-grade transformation, occa-
sional spreading to lymph nodes and spleen, and depen-
dence on active infection with Helicobacter. In humans as
well as mice, the disease is treatable in the majority of

Figure 8. Numbers of tumor-infiltrating follicular dendritic cells but not T cells or macrophages correlate with and are indicative of treatment outcome. Serial
paraffin sections of animals of groups B, C, and D were stained with antibodies against the macrophage marker F4/80, the T-cell marker CD3, and the follicular
dendritic cell marker S100 and counterstained with nuclear fast red. A scale bar representative of all panels is included in the bottom left micrograph.
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cases by eradication of the bacterium, a unique feature of
this type of tumor.11,14 However, the long-term stability of
complete remission is unclear, and recent evidence sug-
gests that eradication therapy may be less efficient than
combined radiochemotherapy in achieving long-term,
sustained remission.28 Despite the great clinical rele-
vance of this issue, the precise trigger of tumor relapse,
and, more specifically, the role that Helicobacter (re-)in-
fection may play in the recurrence of MALT lymphomas,
has to date not been addressed in depth. Our mouse
model of the disease allows convenient manipulations of
infection status such as antibiotic eradication therapy
and re-infection and therefore is well suited to address
these questions experimentally. We have used the model
system to determine 1) how eradication therapy affects
progression of the lymphoma, 2) whether disease relapse
occurs on re-introduction of Helicobacter, and 3) whether
the course of the disease is different in relapsed com-
pared with primary lesions. Several conclusions could be
drawn from the study.

Eradication Therapy Leads to Clearance of
Bacteria and Complete Histopathological, but
Not Molecular Remission

Of the mice that received triple therapy, 75% were
cleared of the infection, and their histopathological le-
sions regressed. This is in agreement with treatment out-
comes in patients, where remission rates between 50 and
83% are typically achieved.11,29–33 Failure of patients to
respond to eradication therapy has recently been attrib-
uted to a chromosomal translocation at t(11;18)(q21;21),
resulting in the API2-MALT1 fusion transcript;34 in con-
trast, the same translocation is not predictive of a nega-
tive response to chemotherapy.35 We are currently inves-
tigating the prevalence of this chromosomal abnormality
and its potential effect on treatment outcome in the mu-
rine system.

The stomachs of mice that responded favorably to
treatment were either entirely devoid of MALT or retained
very minor residual noninvasive lymphoid aggregates at
5 months after treatment (the end point of the study).
However, transcriptional profiling of whole stomach tis-
sues from these mice consistently revealed the persis-
tence of B cells in all successfully treated, ie, Helicobact-
er-free, mice. These cells shared some of the molecular
features of active MALT lymphomas, such as high levels
of transcripts encoding secretory IgA and a number of
B-cell surface markers, but lacked others such as high
levels of MHC class I and II, CD52, and Bcl-2. A similar
phenomenon has been observed in patients, where per-
sistence of monoclonal immunoglobulin heavy chain se-
quences in the gastric mucosa of roughly 50% of patients
with complete histological remission has been document-
ed.32,36 Therefore, it has to be assumed that complete
histological remission after eradication therapy is not
equivalent to “molecular” remission, implying that fre-
quent and long-term follow-up of patients is indicated.
The relatively high risk of relapse after eradication ther-
apy as opposed to chemotherapy can possibly be attrib-

uted to the gastric persistence of residual, resting
lymphocytes.

Re-Infection Induces Rapid Disease Recurrence
and Relapsed Tumors Are More Aggressive
Than Primary Tumors

Re-introduction of the original strain after eradication
therapy led to recurrence of destructive lympho-epi-
thelial lesions in 100% of mice. This finding is quite
remarkable because it suggests that immunity against
Helicobacter is not acquired even after life-long infec-
tion, despite a vigorous and sustained immune re-
sponse. In keeping with our result, the natural re-infec-
tion rate in the human adult population has been
proposed to be just as high or only slightly lower than
the primary infection rate.37 Because both the infection
and the re-infection rates in adults are low (estimated
at 1 to 2% in the general population), recurrence of
tumors due to re-infection is relatively uncommon, af-
fecting anywhere from 1.1 to 20% of successfully
treated patients (1 in 7 patients38; 1 in 9033; 3 in 1539;
2 in 1740; case reports in41,42). In fact, disease recur-
rence in humans is more likely to be due to failure of the
primary eradication than to new infection.37 Neverthe-
less, in light of the finding that 97% of spouses of
patients with H. pylori-positive low-grade MALT lym-
phomas are also sero-positive (far exceeding the sero-
prevalence rates in the general population,43), it has
been suggested that spouses receive eradication ther-
apy along with patients to eliminate this common
source of re-infection.43

In contrast to the primary premalignant and malignant
lesions, which take between 15 and 18 months to de-
velop in the BALB/c model, relapsed lesions were ob-
served only 4 months after re-infection, indicating that the
course of relapse is extremely rapid. This is reflected by
highly reproducible differences in the transcriptional pro-
files and higher proliferative indices in the relapsing com-
pared with the primary lesions. Moreover, a higher pro-
portion of mice in the re-infected group than in the
primarily infected group displayed frank low-grade lym-
phomas as opposed to premalignant lesions, perhaps
indicating that the disease is aggravated by eradication
and subsequent re-infection. Similar observations have
been reported sporadically for MALT lymphoma patients.
Two case reports in particular describe the rapid recur-
rence of MALT lymphomas in patients, both of which
were attributed to re-infection rather than recrudes-
cence.41,42 In these cases, the tumors had re-emerged 3
and 6 months after a follow-up examination confirmed
complete histological remission.41,42 In the discussion of
the clinical course of disease in these cases, the authors
speculated that H. pylori eradication in MALT lymphoma
patients may lead to persistence of the neoplasia in a
“latent form” and “subsequently, re-exposure to the bac-
terium might determine prompt reactivation of the neo-
plastic cells, already sensitized to the H. pylori antigen
stimulus, with a spectacularly rapid expansion of the
neoplasia.”42 This is particularly remarkable because
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gastric low-grade lymphoma is generally accepted to be
an indolent, slowly progressing malignancy.

The Role of Accessory Cells in MALT
Lymphoma Pathogenesis

The proliferation of MALT lymphoma cells in the early
stages of the disease is not autonomous but depends on
direct and/or indirect signals provided by Helicobacter-
specific tumor-infiltrating T cells. In the absence of T
cells, explanted tumor B cells cannot be rescued from
apoptosis or induced to proliferate by addition of heat-
inactivated H. pylori.24 We performed a detailed immuno-
histochemical analysis to characterize accessory cell
populations in vivo. Our data strongly suggest that the
majority of tumor-infiltrating T cells is CD4�, with an es-
timated ratio of CD4�/CD8� cells of approximately 4:1.
Roughly 30% of CD4� cells produce IL-4, a typical Th2
cytokine, whereas expression of the Th1 cytokine IFN-�
was not detected. Our result is in line with the in vitro
findings of Greiner et al,44 who cultured explanted MALT
lymphoma cells of six patients in the CD40 system, ie,
under continued anti-CD40 activation. In this system,
addition of IL-4, but not IFN-� or IL-2 ,synergized with
CD40 ligation to trigger lymphoma B-cell proliferation.
These authors further reported high levels of Th2 and Th3
but not Th1 cytokine transcripts in MALT lymphoma bi-
opsies as measured by reverse transcription PCR.45

IL-4 induces proliferation of B cells that have been
activated through their B-cell receptor. Th2 cells are es-
sential for efficient mucosal antibody responses, which
apparently are mounted by the lymphoma cells as evi-
denced by our detection of high levels of IgA-specific
transcripts in vivo. MALT lymphoma B cells are believed
to retain many features of normal B cells44 and should
therefore be able to respond to IL-4. Taking these con-
siderations into account, it seems conceivable that the
paracrine signals provided by tumor-infiltrating H. pylori-
reactive Th2 cells could be of decisive importance for the
pathogenesis of MALT lymphoma, especially in the early
stages of lymphomagenesis when the tumors are still
antigen-dependent. In contrast, the local cytokine re-
sponse in H. pylori infected duodenal ulcer and gastritis
patients is of the Th1 type;46,47 in fact, chronic gastritis is
now widely accepted to be a Th1 driven disease, with
IFN-� being the main cytokine responsible for gastritis-
associated pathology.48,49

This apparent dichotomy in H. pylori infected patients,
some of whom are more prone to Th1-mediated diseases
whereas others develop Th2-mediated diseases, is mir-
rored by the BALB/c-C57BL6 dichotomy in experimen-
tally infected mice. BALB/c mice, which are genetically
prone to high production of Th2 cytokines and the asso-
ciated B-cell response, develop MALT lymphoma, but do
not show symptoms of gastritis or ulcers.13 C57BL6 mice,
in contrast, mount a predominantly Th1-polarized re-
sponse against H. pylori and do not develop MALT lym-
phoma, but are prone to chronic gastritis, which can
progress to gastric adenocarcinoma via the precursor
lesions atrophic gastritis, intestinal metaplasia, and dys-

plasia.49–51 Elucidation of the genetic basis for the dra-
matic differences between the two mouse strains should
also be useful in explaining and predicting disease out-
comes in infected human populations.

In vitro and molecular studies suggest that MALT
lymphoma B cells are antigen-sensitive, but autoreac-
tive.27,52,53 Therefore, we hypothesized that other an-
tigen-presenting cells should be involved in activating
the effector mechanisms of tumor-infiltrating T-helper
cells. We found that a third major cellular component of
MALT lymphomas besides B and CD4� T cells are
CD11c� dendritic cells, which make up one-fifth to
one-third of the tumor mass. They express neither my-
eloid nor lymphoid markers, indicating that they belong
to neither of these defined dendritic cell subpopula-
tions. Rather, we find that a subset expresses the
follicular dendritic cell marker S100. Moreover, the
number of tumor-infiltrating follicular dendritic cells is
clearly correlated with disease outcome. Tumor regres-
sion in response to eradication therapy leads to an
almost complete disappearance of dendritic cells from
residual clusters of B cells, probably reflecting the
elimination of Helicobacter from these mice. In contrast,
follicular dendritic cells populate primary MALT lym-
phomas, and, to an even greater extent, tumors that
have relapsed because of re-infection. Interestingly,
our gene expression data confirm this result, because
many of the genes involved in antigen presentation
(“gene clusters indicative of past or present infection”)
follow a very specific expression pattern across arrays
(Figure 2). They are not at all expressed in tissues from
successfully treated mice but show intermediate ex-
pression levels in primary tumors and high expression
in relapsed tumors.

Interestingly, the results of our previous study on the
molecular progression of MALT lymphoma in the mouse
model17 are confirmed by the data reported here. In that
study, we identified a marker, Calgranulin A, which faith-
fully distinguishes premalignant from malignant lesions in
the murine system. Calgranulin is synonymous for S100,
and the Calgranulin A protein is detected by the S100-
specific antibody we used in this study to stain follicular
dendritic cells. Only malignant tumors (the primary and
relapsed tumors in our current study), but not premalig-
nant or regressed lesions, are infiltrated by large num-
bers of dendritic cells, which are reflected in the expres-
sion profiles by elevated levels of their marker gene,
Calgranulin A. The results of both our tumor progression
and regression studies taken together imply that the den-
dritic cell may be an important new target in MALT lym-
phoma therapy.
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