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Abstract
Mucosa-associated lymphoid tissue (MALT) lymphoma is a B-cell tumour that develops over many decades in the
stomachs of individuals with chronic Helicobacter pylori infection. We developed a new mouse model of human gas-
tric MALT lymphoma in which mice with a myeloid-specific deletion of the innate immune molecule, Nlrc5, develop
precursor B-cell lesions to MALT lymphoma at only 3 months post-Helicobacter infection versus 9–24 months in
existing models. The gastric B-cell lesions in the Nlrc5 knockout mice had the histopathological features of the
human disease, notably lymphoepithelial-like lesions, centrocyte-like cells, and were infiltrated by dendritic cells
(DCs), macrophages, and T-cells (CD4+, CD8+ and Foxp3+). Mouse and human gastric tissues contained immune
cells expressing immune checkpoint receptor programmed death 1 (PD-1) and its ligand PD-L1, indicating an immu-
nosuppressive tissue microenvironment. We next determined whether CD40L, overexpressed in a range of B-cell
malignancies, may be a potential drug target for the treatment of gastric MALT lymphoma. Importantly, we showed
that the administration of anti-CD40L antibody either coincident with or after establishment of Helicobacter infec-
tion prevented gastric B-cell lesions in mice, when compared with the control antibody treatment. Mice administered
the CD40L antibody also had significantly reduced numbers of gastric DCs, CD8+ and Foxp3+ T-cells, as well as
decreased gastric expression of B-cell lymphoma genes. These findings validate the potential of CD40L as a therapeu-
tic target in the treatment of human gastric B-cell MALT lymphoma.
© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Gastric B-cell mucosa-associated lymphoid tissue
(MALT) lymphoma is one of the most common non-
Hodgkin lymphomas, accounting for 7–8% of newly

diagnosed lymphoma cases worldwide [1]. The stomach
is the most affected site, accounting for 50–60% of all
MALT lymphomas in Western countries [2]. In up to
98% of diagnosed cases, gastric MALT lymphoma is
associated with Helicobacter pylori infection [3].
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Currently, the first-line therapy for early-stage gastric
MALT lymphoma is H. pylori eradication; however,
relapse was reported in 17% (13/74) of MALT subjects
at 75 months post-eradication [4].More advanced disease
is typically treated by radiotherapy, chemotherapy, or sur-
gery [5,6]. Again, however, relapse occurred in 37% of
MALT subjects at between 14 and 307 months after com-
plete remission [7], with 18% (6/33) relapsing after
10 years [8].

The drug rituximab targets CD20 on mature B-cells,
resulting in their elimination [6]. This drug has been
widely used as a single agent or in combinationwith che-
motherapies to treat various types of non-Hodgkin lym-
phoma, including Helicobacter-associated gastric
MALT lymphoma [6,9]. One study, however, reported
that �27% patients with MALT lymphoma did not
respond to this treatment, while a further 26% of patients
relapsed during a 15-month follow-up period [9]. There-
fore, more therapeutic options are needed.

B-cells express the tumour necrosis factor (TNF)
receptor superfamily member CD40 [10], which interacts
with its ligand, CD40L, on activated T-cells to promote
B-cell differentiation, activation, and proliferation [11].
Dysregulation of CD40–CD40L signalling contributes
to B-cell lymphomagenesis [11]. Greiner et al reported
that CD40L signalling, in combination with T-helper
2 (Th2) cytokines, may drive the evolution of low-grade
MALT-type lymphoma to a more severe stage [12]. In
contrast, other researchers found that Helicobacter-
induced MALT lymphomagenesis occurred indepen-
dently of direct CD40–CD40L interactions [13]. Both
studies, however, were performed using MALT lym-
phoma B-cells grown in vitro. To date, there have been
no reports on the in vivo effects of CD40–CD40L block-
ade in Helicobacter-induced gastric MALT lymphoma.

Many of the features of human gastric B-cell MALT
lymphoma can be reproduced in conventional mice that
have been experimentally infected with gastric
Helicobacter spp. [14–17]. These mice, however,
develop gastric B-cell MALT after 6–18 months post-
infection [14–17]. Our group has developed a mouse
model in which animals develop B-cell follicles after
only 3 months post-infection with Helicobacter felis
[18]. These mice have a myeloid-specific deletion of
the gene encoding the innate immune molecule, NLR
family CARD domain-containing 5 (Nlrc5) [18].

Myeloid cells secret cytokines that drive the
polarisation of Th responses, including Th1, Th2, and
Th17. These responses have variously been reported
to be associated with gastric MALT lymphomagenesis
in different experimental models [19]. As one of the
major subgroups of myeloid cells, macrophages also
secrete B-cell survival regulators, such as a proliferation-
inducing ligand (APRIL or TNF ligand superfamily mem-
ber 13, TNFSF13) and B-cell-activating factor (BAFF or
TNFSF13B) [20]. Soluble APRIL and BAFF bind to their
receptors on B-cells and lead to the activation of B-cells
[21]. These proteins share two receptors on B-cells: B-cell
maturation antigen (BCMA or TNF receptor superfamily

member 17, TNFRSF17) and transmembrane activator
and calcium-modulating cyclophilin ligand interactor
(TACI or TNFRSF13B). BAFF can also bind to a third
receptor, BAFF-R (or TNFRSF13C) [20]. However, the
role of these B-cell survival factors in gastric MALT
lymphomagenesis is still not clear.
In the current study, we performed multiplex immuno-

histochemistry (mIHC) to compare B-cell MALT lesions
in Helicobacter-infected Nlrc5 conditional knockout
(Nlrc5mø-KO) mice with those in human gastric B-cell
MALT lymphoma. We show that the Nlrc5mø-KO mouse
model reproduces the key histopathological characteris-
tics of the tumours observed in human disease. Using this
model, we tested the efficacy of CD40L blockade in
preventing the formation of the precursor lesions to these
tumours. Importantly, we show that anti-CD40L antibody
administration both during and after establishment of
chronic infection was an effective treatment against the
development of these lesions. We propose that the
CD40–CD40L axis is a potential therapeutic target for
the treatment of human gastric B-cell MALT lymphoma
arising from chronic H. pylori infection.

Materials and methods

Mice
Mice with an Nlrc5 deletion in the myeloid lineage
(Nlrc5mø-KO) [18] were maintained under specific patho-
gen-free conditions at Monash Animal Research
Platform, Monash Medical Centre (MMC). All animal
procedures complied with the guidelines approved by
the MMC Animal Ethics Committee (MMCB/2017/13).

Human gastric MALT lymphoma biopsies
Gastric MALT lymphoma biopsies were collected from
consenting participants (n = 5) in accordance with the
Declaration of Helsinki with approval from the
Institutional Review Boards from SingHealth (2004/
407/F). Clinical work at theHudson Institutewas approved
by theMonash Health Human Research Ethics Committee
(HREC, 12365A; Monash University HREC, CF13/2974
– 2013001598). Tissues were formalin-fixed and
paraffin-embedded. The presence of H. pylori and MALT
lymphoma lesions were confirmed in haematoxylin and
eosin (H&E)-stained sections (see supplementary material,
Figure S1A–C). Representative H&E staining of gastric
MALT lymphoma lesions from five human cases are
shown in supplementary material, Figure S2.

Bacterial culture
H. felis (ATCC 49179/CS1) was grown and maintained
using standard methods [22]. For in vivo infection,
H. felis inocula were prepared in Brain Heart Infusion
(BHI) broth [22]. The number of bacteria was estimated
under phase contrast microscopy (100� objective) and
then diluted to approximately 108 bacteria/ml in BHI
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broth [22]. H. felis bacterial numbers were confirmed by
viable bacterial cell counting [22].

Anti-CD40L treatment studies
Nlrc5mø-KO mice (female; 6–8 weeks of age) were inocu-
lated by oral gavage with approximately 107 H. felis bac-
teria [22]. In one treatment regimen, mice were
administered an intraperitoneal injection at the time of
H. felis inoculation with either anti-mouse CD40L
(n = 11, 200 μg/dose; BioXCell, West Lebanon, NH,
USA) or IgG control (n = 10, 200 μg/dose, BioXCell)
antibodies, followed by weekly intraperitoneal injections
over 12 weeks (supplementary material, Figure S3A). In
a second treatment regimen, mice were first inoculated
with H. felis and then 1 month later, they were adminis-
tered weekly intraperitoneal injections with either anti-
mouse CD40L (n = 7) or IgG control (n = 6) antibodies,
for a further 8 weeks (supplementary material,
Figure S3B). After 12 weeks, all mice were culled. Stom-
ach tissues were dissected into two sagittal fragments
(each containing the antrum and body); one half was used
for mIHC and the other half for RNA extraction. Spleens
and mesenteric lymph nodes were used to determine the
percentage of immune cells by flow cytometry. Sera were
used for enzyme-linked immunosorbent assay (ELISA).

H&E and Giemsa staining
Gastric tissues were deparaffinised, stained with H&E
for 5 min, and then scanned using a VS120 Slide
Scanning System (Olympus, Tokyo, Japan). The results
were quantified in a blinded fashion using QuPath soft-
ware [23]. As H. felis does not form discrete colonies
on agar plates [24], colonisation levels in the stomach
were determined fromGiemsa-stained sections that were
examined in a blinded fashion using a scoring system
described previously [25].

Multiplex immunohistochemistry (mIHC)
mIHC was applied using the Opal 4-Color IHC Kit
(Akoya Biosciences, Menlo Park, CA, USA), as
described previously [26] (supplementary material,
Table S1). Tissue sections were deparaffinised and
subjected to antigen retrieval by microwave treatment.
The sections were incubated in blocking buffer, primary
antibody (supplementary material, Table S1), horseradish
peroxidase (Cell Signaling Technology, Beverly, MA,
USA), and Opal working solution (Akoya Biosciences).
DAPI (Akoya Biosciences) was used to stain the nuclei.
Slides were scanned using a VS120 Slide Scanning
System (Olympus) and quantified in a blinded fashion
using ImageJ software (National Institutes of Health,
Bethesda,MD, USA; https://imagej.net/ij/download.html).

Flow cytometric analysis
Single-cell suspensions were prepared from spleens and
mesenteric lymph nodes using 70-μm cell strainers.
Splenocytes were treated with red blood cell lysis buffer

(Sigma Aldrich, St Louis, MO, USA). Cell numbers and
viabilitywere assessed using a haemocytometer. Cellswere
first incubated with Fc block (BioLegend, San Diego, CA,
USA) and then stained with two different antibody panels:
panel 1: CD19, CD3, CD4, CD8a, B220, and CD45; or
panel 2: CD11c, CD11b, F4/80, MHCII, Ly6C, Ly6G,
and CD45 (supplementary material, Table S2). Cells were
analysed using a BD LSRFortessa X-20 flow cytometer
(BD Biosciences, San José, CA, USA) and FlowJo soft-
ware (Version 10; Treestar, Inc., San Carlos, CA, USA).
The gating strategies for the different cell populations are
shown in supplementary material, Figure S4.

ELISA
Sera were collected in Sarstedt Screw Cap Polypropylene
Microtubes (Thermo Fisher Scientific, Waltham, MA,
USA) and stored at �20 �C until analysed.
Helicobacter-specific serum antibody titres were mea-
sured by ELISA, as described previously [27], using goat
anti-mouse IgG (1:2,000; BioLegend), goat anti-mouse
IgG2c-biotin (1:1,000; Southern Biotech, Birmingham,
AL, USA), and rat anti-mouse IgG1-biotin (1:1,000;
Southern Biotech) antibodies.

RT-qPCR
Total RNA was extracted from snap-frozen mouse
stomachs using a PureLink RNA Mini Kit and Turbo-
DNase following the manufacturer’s instructions
(Thermo Fisher Scientific). Complementary DNA was
generated from RNA using a Tetro cDNA Synthesis Kit
(Bioline, Eveleigh, NSW, Australia). qPCR was
performed with gene-specific primers (supplementary
material, Table S3) or Taqman probes (supplementary
material, Table S4) in a QuantStudio 6 Flex Real-Time
PCR instrument (Applied Biosystems, Waltham, MA,
USA). Relative gene expression levels in samples were
determined using the delta–delta Ct (2�ΔΔCt) method with
ΔCt values normalised to those of Rn18s ribosomal RNA.

Statistical analyses
Statistical analyses in this study were carried out using the
Mann–Whitney test in Prism (Version 9.0; GraphPad
Software Inc., San Diego, CA, USA). Data are reported
as the mean ± standard error of the mean (SEM). P values
less than 0.05 were considered as statistically significant.

Results

Nlrc5mø-KO mice with chronic Helicobacter infection
reproduce the histopathological features of human
gastric MALT lymphoma
Our previous work demonstrated that Nlrc5mø-KO mice
develop lymphoid structures or follicles within the gas-
tric mucosa by only 12 weeks post-H. felis infection,
compared with much longer periods in wild-type ani-
mals, i.e. up to 24 months [18]. To determine whether
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Nlrc5mø-KOmice can be used as a model of human gastric
B-cellMALT lymphomagenesis, we performed a detailed
comparative study of the MALT lesions in these animals
and those in human subjects with gastric MALT lym-
phoma. The lymphoid follicles in both Nlrc5mø-KO mice
withMALT and human subjects with gastricMALT lym-
phoma span the gastric mucosa (Figure 1A,B). These fol-
licles are infiltrated by lympho-epithelial lesions and
small- to medium-sized centrocyte-like cells having small
and irregular nuclei (Figure 1C,D), which are hallmarks
of humanMALT lymphoma [28]. Dramatically increased
numbers of centrocyte-like cells were observed in the gas-
tric tissues of mice with MALT lesions, whereas no
centrocyte-like cells were found in the stomachs of naïve
animals (supplementary material, Table S5). Further-
more, the B-cell follicles in mouse and human gastric
tissues were infiltrated with a predominance of CD21+

B-cells (Figure 1E,F) and some IgM+ B-cells (supple-
mentary material, Figure S5). Interestingly, there was
also a preponderance of Ki67+ cells in B-cell follicles
(supplementary material, Figure S6), suggesting that
these cells were proliferative. Taken together, we suggest
that H. felis-infected Nlrc5mø-KO mice exhibit the pheno-
type of early marginal zone B-cell lymphoma.

Next, we compared the cellular composition and
microenvironment of the gastric MALT lesions in
H. felis-infected Nlrc5mø-KO mice and those in human
MALT lymphoma by mIHC. As for human gastric
MALT lesions, those in mice are predominately
composed of B-cells and CD11c+ dendritic cells (DCs),
surrounded or infiltrated by large numbers ofmacrophages
(Figure 1G,H and supplementary material, Figure S7).
Abundant numbers of CD4+ and CD8+ T-cells were pre-
sent in mouse and human tissues, along with the infiltra-
tion of Foxp3+ T regulatory cells (Tregs) (Figure 1I,J).
The relative abundance of CD4+ T-cells compared with
Foxp3+ T-cells was quite similar in both mouse and
human tissues, whereas the ratio of CD8+ T-cells to
Foxp3+ T-cells was slightly higher in human tissues than
in mouse tissues (supplementary material, Figure S8).
All the Tregs were confirmed to be CD4+ T-cells (supple-
mentary material, Figure S9). Consistent with previous
reports showing the presence in B-cell MALT lymphoma
of high levels of expression of the immune checkpoint
receptor programmed death 1 (PD-1) and its ligand PD-
L1 [29,30], we detected the expression by immune cells
within both mouse and human gastric tissues
(Figure 1K,L). Tissue infiltration by Foxp3+ Tregs and
PD-1/PD-L1 expression are indicative of an immunosup-
pressive microenvironment. Collectively, these data show
that the Nlrc5mø-KO mouse model reproduces many of the
histopathological characteristics associated with human
gastricMALT lymphoma and therefore represents a practi-
cable and pre-clinical model of MALT lymphomagenesis.

CD40L antibody blockade reduces B-cell follicle
formation in H. felis-infected Nlrc5mø-KO mice
CD40–CD40L signalling is a T-cell-dependent pathway
that is required for B-cell proliferation and thus plays a

pivotal role in B-cell MALT lymphoma development
[12,31]. Previous studies reported contradictory findings
regarding the role of CD40–CD40L interactions in
B-cell MALT lymphoma development in vitro [12,13].
We investigated this question in vivo by injecting
Nlrc5mø-KO mice intraperitoneally with either blocking
anti-CD40L or IgG isotype control antibodies during
establishment of H. felis infection (supplementary mate-
rial, Figure S3A). These antibody treatments were con-
tinued until mice were culled at 3 months post-infection.
Remarkably, mice treated with the anti-CD40L anti-

body had significantly lower stomach and spleen
weights (Figure 2A,B), but no change in either total
body or mesenteric lymph node weights (supplementary
material, Figure S10), compared with mice given the
IgG isotype control. Moreover, anti-CD40L antibody
treatment significantly reduced the level of gastric
hyperplasia and lymphoid follicle numbers in the mice
(Figure 2C–F). Importantly, none of the mice receiving
the anti-CD40L treatment developed lymphoid follicles
in the stomach (Figure 2E). mIHC analyses demon-
strated that mice receiving the anti-CD40L treatment
exhibited significantly lower numbers of CD19+

B-cells, CD11c+ DCs, F4/80+ macrophages, CD4+

and CD8+ T-cells, and CD4+Foxp3+ Tregs in gastric
tissues compared with control mice (Figure 2G–P). In
contrast, the proportion of CD45+ immune cells
(CD4+ and CD8+ T-cells, B-cells, macrophages, DCs,
and neutrophils) in the spleens and mesenteric lymph
nodes did not differ between the anti-CD40L and control
treatment groups (Figure 3A–F and supplementary
material, Figure S11). These data show that treatment
with anti-CD40L antibody significantly reduced gastric
immune cell infiltration and B-cell formation in
Nlrc5mø-KO mice with chronic H. felis infection.
Since gastric B-cell MALT lymphoma is strongly

linked with Helicobacter infection, we sought to deter-
mine whether anti-CD40L blockade impacts H. felis
colonisation in this mouse model. Interestingly, the
anti-CD40L-treated mice had lower levels of stomach
colonisation compared with control animals (Figure 3G
and supplementary material, Figure S12). To confirm
whether the reduced H. felis colonisation levels were
directly impacted by anti-CD40L antibody administra-
tion, we assessed the bactericidal activities of the anti-
CD40L and control IgG antibodies in vitro, used at the
same concentration as in the intraperitoneal injections.
No significant differences in the bactericidal activities
of these antibodies were observed (Supplementary mate-
rial, Figure S13), indicating that the reducedH. felis col-
onisation in the mouse stomach was not likely due to the
direct actions of the anti-CD40L antibody. An alterna-
tive explanation is that anti-CD40L blockade might
result in reduced B-cell activation and differentiation.
Indeed, the levels of Helicobacter-specific IgG total
and subclass antibodies were significantly reduced in
mice treated with anti-CD40L antibody compared with
control mice (Figure 3H–J). This result may, however,
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Figure 1 Legend on next page.
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also reflect the different colonisation levels between the
two groups of mice.

To elucidate the effect of the anti-CD40L treatment on
host immune responses, we assessed the expression
levels in gastric tissues of key immune genes associated
with gastric MALT lymphomagenesis, including those
regulating Th responses [19] and B-cell proliferation
[20]. The expression levels of Th1 cytokine genes,
interferon-γ (Ifng), interleukin-12 (Il12), and Tnf, in gas-
tric tissues of anti-CD40L-treated mice were not signifi-
cantly different to those in control mice (Figure 4A–C).
In contrast, expression of the Th17 cytokine gene Il17
was significantly reduced in tissues of mice receiving
anti-CD40L antibody (Figure 4D), whereas the Th2
cytokine gene Il4 was not detectable in tissues (data
not shown). The expression levels of genes encoding
mouse APRIL (Tnfsf13) and transmembrane activator
and calcium-modulating cyclophilin ligand interactor
(TACI; Tnfrsf13b), but not BAFF (Tnfsf13b), were sig-
nificantly reduced in mice receiving anti-CD40L treat-
ment compared with control animals (Figure 4E–G).
Interestingly, we also observed decreased interferon reg-
ulatory factor 4 (Irf4) gene expression in the gastric tis-
sues of anti-CD40L-treated mice (Figure 4H). IRF4
was found to be aberrantly expressed in various types
of B-cell non-Hodgkin lymphoma and is required for
germinal centre formation [32].

Taken together, these data demonstrate that antibody
blockade of CD40L significantly suppresses gastric
B-cell MALT formation and reduces immune cell infil-
tration in Nlrc5mø-KO mice with chronic Helicobacter
infection. In addition, the data identify Th17 responses
and the B-cell-promoting factors, APRIL and TACI, as
potential targets of anti-CD40L treatment in this model.

Anti-CD40L antibody treatment prevents the
formation of precursor lesions to gastric MALT
lymphoma in mice with chronic Helicobacter
infection
A monoclonal antibody that targets CD20 on B-cells
(rituximab) has shown some effectiveness when used
either alone or in combination with other chemotherapies
as a therapeutic treatment for non-Hodgkin lymphomas
[6], including gastric MALT lymphoma [33,34]. As the
anti-CD40L antibody was highly effective in preventing
gastric B-cell MALT lesions in mice during the establish-
ment of Helicobacter infection (Figure 2), we sought to
determine whether this antibody may also have activity
against disease development in animals with chronic

infection. For this, Nlrc5mø-KO mice were inoculated with
H. felis bacteria and after 4 weeks, then injected intraper-
itoneally with either the anti-CD40L antibody or an IgG
isotype control (supplementary material, Figure S3B).
Mice were subsequently administered these antibodies
weekly for a further 8 weeks.
Interestingly, anti-CD40L-treated mice exhibited no

significant changes in stomach, spleen, or body weights
compared with control mice receiving the IgG isotype
control antibody (Figure 5A,B). A significant reduction
in mesenteric lymph node weight was, however, found
in the anti-CD40L-treated mice (supplementary material,
Figure S14). Importantly, mice given anti-CD40L treat-
ment also displayed a significant decrease in the levels of
gastric lymphoid follicles and hyperplasia compared
with control mice (Figure 5C–F). mIHC analyses dem-
onstrated that the gastric tissues of anti-CD40L-treated
mice had significantly reduced numbers of CD19+ B-cells,
CD11c+ DCs, CD8+ and Foxp3+ T-cells but not macro-
phages, when compared with control mice (Figure 5G–P).
Conversely, the spleens (Figure 6A–F) and mesenteric
lymph nodes (supplementary material, Figure S15) of the
two groups had similar numbers of CD45+ immune cells
(B-cells, DCs, macrophages, T-cells, and neutrophils).
Administration of anti-CD40L antibody in H. felis-

infected mice had no significant effect on the levels of
stomach colonisation (Figure 6G). This supports the
suggestion that the observed reductions in H. felis colo-
nisation reported in Figure 3G were not due to bacteri-
cidal effects of the antibody. Finally, we observed
significantly reduced levels of Helicobacter-specific
total IgG responses in the sera of mice receiving anti-
CD40L treatment compared with the control mice
(Figure 6H), though no significant differences were
observed for IgG1 and IgG2c responses (Figure 6I,J).
Collectively, these data show that the administration

of anti-CD40L antibody can attenuate the formation of
precursor B-cell lesions to gastric MALT lymphoma in
Nlrc5mø-KO mice with chronic Helicobacter infection.
These findings further validate Nlrc5mø-KO mice as a
practicable model to study this type of lymphoma.

Discussion

Gastric B-cell MALT lymphoma is one of the most
common types of extranodal non-Hodgkin lymphoma
[19]. Here, we describe a new mouse model in which
animals develop precursor B-cell lesions to gastric
MALT lymphoma faster than in any existing model.

Figure 1. Helicobacter-infected Nlrc5mø-KO mice develop precursor lesions to gastric B-cell MALT lymphoma. Representative H&E-stained
sections of gastric tissues from (A) Nlrc5mø-KO mice at 3 months post-infection with H. felis and (B) human subjects with H. pylori-associated
MALT lymphoma. Red rectangles (inset in Figure 1A) indicate centrocyte-like cells. (C, D) Higher-magnification views of sections in A and B,
respectively. Arrows indicate lympho-epithelial lesions. mIHC analyses of gastric tissues from (E, G, I, K) Nlrc5mø-KO mice and (F, H, J, L) human
gastric MALT lymphoma subjects with Helicobacter infection. The cell markers used are as shown in each figure panel. (E, F) Detection of
B-cells (green), CD21+ cells (red), and nuclei (blue). (G, H) Detection of B-cells (green), CD11c+ DCs (red), macrophages (yellow), and nuclei
(blue). (I, J) Detection of CD4+ T-cells (green), Foxp3/FOXP3+ Tregs (red), CD8+ T-cells (yellow), and nuclei (blue). (K, L) Detection of PD-1+

cells (green), PD-L1+ cells (red), CD3+ T-cells (yellow), and nuclei (blue). Scale bar: 500 μm (A, B); 50 μm (C–F, I–L); 200 μm (G, H).
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We have used this model to show for the first time that
antibody blockade of CD40L prevents the formation of
these lesions. We propose that CD40–CD40L

signalling is a potential therapeutic target for the treat-
ment of human gastric B-cell MALT lymphoma due
to H. pylori infection.

Figure 2. CD40L antibody blockade during H. felis infection attenuates B-cell MALT lesions and gastric hyperplasia. Nlrc5mø-KO mice
administered anti-CD40L antibody concomitant with the infection process (supplementary material, Figure S3A; n = 11) had signif-
icantly reduced (A) stomach and (B) spleen weights compared with animals receiving an isotype control antibody (n = 10). Represen-
tative H&E-stained sections of gastric tissues from mice receiving either (C) control or (D) anti-CD40L blocking antibodies. The gastric
tissues from mice in the anti-CD40L treatment group showed significantly reduced (E) B-cell follicles and (F) mucosal thickness com-
pared with control animals. mIHC detection of CD11c+ DCs (green), F4/80+ macrophages (red), CD19+ B-cells (yellow), and nuclei
(blue) in the gastric tissues from mice receiving either (G) control or (H) anti-CD40L blocking antibodies. Detection of CD4+ T-cells
(green), Foxp3+ Tregs (red), CD8+ T-cells (yellow), and nuclei (blue) in the gastric tissue from mice receiving either (I) control or
(J) anti-CD40L blocking antibodies. The gastric tissues of anti-CD40L-treated mice had significantly reduced numbers of (K) F4/80+

macrophages, (L) CD19+ B-cells, (M) CD11c+ DCs, (N) CD4+ T-cells, (O) CD8+ T-cells, and (P) Foxp3+ Tregs compared with control ani-
mals. Data are presented as the mean ± SEM. Mann–Whitney test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bar:
200 μm (C); 150 μm (G, I).
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Consistentwith previouswork [35],most infiltrating T-
cells in the gastric MALT microenvironment of Nlrc5mø-

KO mice were CD4+ T-helper cells, with a significant
number of CD8+ T-cells present across the gastric
mucosa (Figure 1). This suggested that T-helper cells
may play a more important role than cytotoxic T-cells in
MALT lymphoma. We also detected PD-1 and PD-L1
expression in both mouse and human MALT lymphoid
follicles (Figure 1). It was suggested that up-regulated
PD-L1 expression may favour immune evasion and, con-
sequently, the persistence ofH. pylori infection and asso-
ciated tumours [36]. Consistent with this idea, many
subtypes of B-cell lymphoma, especially cases of refrac-
tory disease [30], showed increased levels of PD-1/PD-
L1 expression [30,37]. Our results suggest that immune
checkpoint inhibitors may be beneficial for the treatment
of gastric MALT lymphoma patients with Helicobacter
infection and, moreover, that Nlrc5mø-KO mice may serve
as a pre-clinical model to test such therapies in vivo.

Drugs that target either CD40 or CD40L have been
the subject of ongoing clinical trials for several autoim-
mune diseases, including rheumatoid arthritis [10].
However, there have been relatively few trials of drugs
targeting CD40 for the treatment of human MALT lym-
phoma and, to our knowledge, none targeting CD40L.
We show that administration of anti-CD40L antibody
both prior to and after establishment of chronic
Helicobacter infection significantly reduced the num-
bers of gastric B-cell follicles in Nlrc5mø-KO mice

(Figure 2). Anti-CD40L treatment reshaped the local
microenvironment, as characterised by decreased num-
bers of CD19+ B-cells, CD8+ T-cells, CD11C+ DCs,
and Foxp3+ Tregs in gastric tissues (Figures 2 and 5).
Conversely, the proportions of CD45+ immune cells
(CD4+ and CD8+ T-cells, B-cells, macrophages, DCs,
and neutrophils) were unchanged in the secondary lym-
phoid organs of the animals (Figures 3 and 6). The
observed inhibitory effect of anti-CD40L treatment on
gastric B-cell lesions differs from the findings of a previ-
ous study which reported that an anti-CD40L blocking
antibody did not inhibit proliferation of tumour B-cells
fromH. felis-infected mice in response toH. felis stimula-
tion [13]. Interestingly, however, the depletion of
CD40L+ cells did result in reduced tumour cell prolifera-
tion [13]. Those experiments were performed in a tumour
model using single-cell suspensions which were unable to
reproduce the local tumour microenvironment and spatial
context of immune cells present in primary tumours.
Several differences were observed between the two

treatment regimens in this study. Notably, administration
of anti-CD40L antibody before but not after establish-
ment ofH. felis infection resulted in significantly reduced
stomach and spleen weights, and decreased levels of
H. felis colonisation in the stomach (Figures 2 and 4G,
respectively). The anti-CD40L antibody did not directly
affect H. felis viability in vitro (supplementary material,
Figure S13), suggesting that bacterial clearance could
not be attributed to bactericidal effects of the anti-

Figure 3. CD40L antibody blockade during H. felis infection affects colonisation and serum antibody responses. Flow cytometry on splenic
CD45+ cell populations from Nlrc5mø-KO mice receiving anti-CD40L blocking antibodies during the infection process (supplementary mate-
rial, Figure S3A) showed no significant differences in the percentages of (A) CD4+ T-cells, (B) CD8+ T-cells, (C) B-cells, (D) macrophages,
(E) DCs, or (F) neutrophils compared with animals receiving the control antibody. The anti-CD40L-treated mice exhibited significantly lower
(G) H. felis colonisation scores and Helicobacter-specific (H) IgG, (I) IgG1, and (J) IgG2c titres compared with control animals. Data are
presented as the mean ± SEM. Mann–Whitney test; **p < 0.01. ns, not significant.
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CD40L antibody but most likely occurred due to
disrupted cross-talk between T- and B-cells required for
anti-Helicobacter protective immunity. Treatment with
the anti-CD40L antibody in mice with chronic
Helicobacter infection suppressed B-cell MALT lesions
independently of the levels of bacterial colonisation
(Figure 6G), suggesting that anti-CD40L therapies might
be useful for the treatment of gastric B-cell MALT lym-
phoma patients who are resistant to H. pylori eradication
or relapse after its eradication.
Significantly reduced expression levels of Il17 were

detected in the gastric tissues from the mice receiving
anti-CD40L treatment, whereas expression of Th1-
and Th2-type cytokine genes was unaffected
(Figure 4). Previous studies reported that gastric MALT
lymphomas are infiltrated by Th2 cells [12,13], while
one study found that IL-17 production was elevated in
the stomachs of H. felis-infected mice with MALT
lesions [38]. In an autoimmune encephalitis model,
Th17 cell development was dependent on CD40–
CD40L cross-talk [39], leading us to speculate that
Th17-producing CD4+ cells may be inhibited by the
anti-CD40L treatment. However, as CD40L is also
expressed by immune, epithelial, endothelial, and
smooth muscle cells [40], further studies are required

to identify the main cell type affected by the anti-
CD40L therapy in our model.

We previously identified murine BAFF as promoting
B-cell hyperproliferation in Nlrc5mø-KO mice [18].
Anti-CD40L treatment did not, however, affect the gas-
tric expression levels of the corresponding gene. Solu-
ble forms of BAFF and APRIL are secreted by
macrophages and bind to TACI and BCMA receptors
on B-cells to promote cell activation [21]. As BAFF
exists as a transmembrane form on macrophages [41],
it is possible that the expression of this form was not
affected by the anti-CD40L treatment. Interestingly,
expression levels for the genes encoding APRIL and
TACI were reduced (Figure 4). APRIL has been
suggested to play an important role in gastric MALT
lymphomagenesis [42,43]. This survival factor is
widely expressed by various cells, including immune,
epithelial, and tumour cells. APRIL was also reported
to be expressed by tumour-associated macrophages
[42] and eosinophils in gastric MALT lymphoma
[43], and could be induced byH. pylori antigen-specific
T-cells [42]. We also showed that blocking the binding
of CD40L to CD40 resulted in significant decreases in
Irf4 gene expression in gastric tissues (Figure 4).
Consistent with this finding, a previous study showed

Figure 4. CD40L antibody blockade during H. felis infection results in decreased gastric expression levels of lymphoma-associated genes. Rel-
ative gene expression levels in gastric tissues of Nlrc5mø-KO mice receiving either anti-CD40L blocking or control antibodies during the infec-
tion process (supplementary material, Figure S3A). (A) Ifng, (B) Il12, (C) Tnf, (D) Il17, (E) Tnfsf13b (Baff ), (F) Tnfsf13 (April), (G) Tnfrsf13b (Taci),
and (H) Irf4. Gene expression was normalised to that of 18S ribosomal RNA. Data are presented as the mean ± SEM. Mann–Whitney test;
**p < 0.01. ns, not significant.

410 L Ying et al

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2023; 259: 402–414
www.thejournalofpathology.com

http://www.pathsoc.org
http://www.thejournalofpathology.com


that IRF4 expression was up-regulated by both soluble
and membrane-bound CD40L in different Hodgkin
lymphoma-derived cell lines [44].

In conclusion, we report that Nlrc5mø-KO mice repre-
sent a practicable, pre-clinical model of human gastric
MALT lymphomagenesis. By using this mouse model,

Figure 5. Anti-CD40L antibody treatment prevents gastric B-cell MALT lesion formation in mice with chronic Helicobacter infection. Nlrc5mø-
KO mice with chronic H. felis infection that were administered anti-CD40L antibody (supplementary material, Figure S3B; n = 7) had
(A) stomach and (B) spleen weights similar to those of control animals (n = 6). Representative H&E-stained sections of gastric tissues from
mice receiving either (C) control or (D) anti-CD40L blocking antibodies. The gastric tissues from the mice in the anti-CD40L treatment group
showed significantly reduced (E) B-cell follicle numbers and (F) mucosal thickness compared with those from control animals. mIHC detection
of CD11c+ DCs (green), F4/80+ macrophages (red), CD19+ B-cells (yellow), and nuclei (blue) in the gastric tissues from mice receiving either
(G) control or (H) anti-CD40L blocking antibodies. Detection of CD4+ T-cells (green), Foxp3+ Tregs (red), CD8+ T-cells (yellow), and nuclei
(blue) in the gastric tissues from mice receiving either (I) control or (J) anti-CD40L blocking antibodies. Quantification in gastric tissues of
(K) F4/80+ macrophages, (L) CD19+ B-cells, (M) CD11c+ DCs, (N) CD4+ T-cells, (O) CD8+ T-cells, and (P) Foxp3+ Tregs. Data are presented
as the mean ± SEM. Mann–Whitney test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. and ns, not significant. Scale bar: 200 μm (C);
150 μm (G, I).
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we show for the first time that the prevention of
Helicobacter-induced precursor lesions to gastric B-cell
MALT lymphoma can be achieved by anti-CD40L anti-
body blockade. These findings provide a rational basis
for future research into the translational application of
anti-CD40L drugs for the treatment of gastric B-cell
MALT lymphomagenesis due toHelicobacter infection.
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