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Autoimmune gastritis is a common autoimmune dis-
order characterized by chronic inflammatory cell in-
filtrates, atrophy of the corpus and fundus, and the
occurrence of autoantibodies to parietal cell antigen.
In CCR7-deficient mice, autoimmune gastritis devel-
oped spontaneously and was accompanied by meta-
plasia of the gastric mucosa and by the formation of
tertiary lymphoid organs at gastric mucosal sites. T
cells of CCR7-deficient mice showed an activated phe-
notype in the gastric mucosa, mesenteric lymph
nodes, and peripheral blood. In addition, elevated
serum IgG levels specific to gastric parietal cell anti-
gen were detected. Because the role of organized lym-
phocytic aggregates at this inflammatory site is not
completely understood, we first analyzed the cellular
requirements for the formation of these structures.
Autoreactive CD4� T cells were pivotal for tertiary
lymphoid follicle formation, most likely in coopera-
tion with dendritic cells, macrophages, and B cells.
Second, we analyzed the necessity of secondary
lymph nodes and tertiary lymphoid organs for the
development of autoimmune gastritis using CCR7 sin-
gle- and CCR7/lymphotoxin � double-deficient mice.
Strikingly, manifestation of autoimmune gastritis was
observed in the absence of secondary lymph nodes
and preceded the development of tertiary lymphoid
organs. Taken together, these findings identify an in-
flammatory process where gastric autoreactive T cells
independent of organized tertiary lymphoid organs
and classic lymph nodes can induce and maintain
autoimmune gastritis. (Am J Pathol 2011, 179:754–765;
DOI: 10.1016/j.ajpath.2011.04.012)
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Autoimmunity is often accompanied by the development
of tertiary lymphoid organs (TLOs) in the target organ.
TLO formation has been reported in inflamed tissues of
various autoimmune diseases, including rheumatoid ar-
thritis, Sjögren’s syndrome, type 1 diabetes mellitus, and
autoimmune gastritis (AIG).1–5 Although TLOs share nu-
merous functional characteristics with secondary lym-
phoid organs (SLOs), their unique function in autoim-
mune disease pathogenesis is still unclear.6,7 More
specifically, it remains to be elucidated whether these
structures are relevant for priming of T cells, development
of autoantibody-producing plasma cells, and accumula-
tion of autoantigen-specific T- and B-cell clones.

In a murine AIG model induced by neonatal thymec-
tomy, Katakai and colleagues found ectopic lymphoid
organization in the chronic gastric lesions. Number and
size of ectopic gastric lymphoid clusters could be corre-
lated with serum autoantibody titers, although develop-
ment of typical germinal centers (GCs) was rare in this
AIG mouse model.5,8 In a nonobese diabetic mouse
model of type 1 diabetes, the presence of GCs, a skewed
repertoire, and somatic hypermutation of B-cell receptors
was described in islet TLOs, which implies that T- and
B-cell interactions take place at the inflamed site.4 More
recently, a CXCL13-dependent B lymphocyte lodging
within islet TLOs was shown. On CXCL13 blockade, B-
lymphocyte organization in TLOs was completely abro-
gated.9 However, induction of a skewed B-cell repertoire,
occurrence of somatic hypermutation, and finally mani-
festation of diabetes were maintained. Thus, the authors
concluded that the significance of organized TLOs in
modulating autoimmune responses remains question-
able. In contrast, other studies suggested that formation
of TLOs in affected organs contributes essentially to the
pathogenesis of human autoimmune diseases by en-
hancing the efficiency of autoantigen presentation at the
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site of inflammation. In this process, autoreactive T lym-
phocytes and autoantibody-producing B cells could be
generated.7 Thus, TLOs may play a role in maintaining an
autoimmune response against persistent self-antigens
and selection of autoreactive B and T cells.4 However,
the contribution of autoantibodies to disease progression
is still controversially discussed. There is evidence that
lymphoid neogenesis is associated with local antibody
production but not with autoimmune activity or severity.7

AIG represents an organ-specific autoimmune disease in
which lymphocytes massively infiltrate the gastric mucosal
(GM) tissue, which eventually leads to gastric lymphoid
neogenesis. Loss of gastric parietal and zymogenic cells
and the prevalence of circulating autoantibodies to gastric
parietal antigen are specific characteristics.10 The morphol-
ogy of mouse gastritis shares many pathohistologic and
immunologic characteristics with the human disease and
can be induced in a variety of experimental approaches,
including lymphopenic and nonlymphopenic AIG models,
or in T-cell receptor �-subunit and T-cell receptor �-sub-
unit transgenic mice.11 Models of spontaneous AIG dis-
ease pathogenesis are rare, and disease incidence is
often very low.11,12

We report the development of an early, spontaneous
AIG with almost complete penetrance in mice lacking the
homeostatic chemokine receptor CCR7. CCR7 is a major
lymph node–homing receptor for lymphocytes and den-
dritic cells (DCs), and mice that lack CCR7 display not
only a delayed induction of adaptive immune re-
sponses13,14 but also impaired lymphocyte recirculation
through nonlymphoid organs.15,16 Lack of CCR7 is asso-
ciated with a moderate multiorgan autoimmunity17 and
formation of TLOs at mucosal sites.16,18 Our results show
that AIG in CCR7�/� mice occurred as early as 4 weeks
of age characterized by lymphocytic mucosal infiltrates,
profound loss of parietal cells, increase in the population
of mucous cells, and the occurrence of circulating auto-
antibodies to gastric antigen. AIG manifestation in these
mice was associated with the development of gastric
TLOs. We focused on the requirement of TLOs and lymph
nodes (LNs) for the pathogenesis of spontaneous AIG.
We show that local accumulation of autoreactive T lym-
phocytes promoted the development of spontaneous AIG
in CCR7-deficient mice, a process that was independent
from the occurrence of TLOs or classic peripheral LNs.

Materials and Methods

Mice

C57BL/6 Ly5.1 (CD45.1) congenic mice, lymphotoxin (Lt)
��/� mice,19 and Rag2�/� mice were obtained from Jack-
son Laboratories (Bar Harbor, ME). CCR7�/� were gener-
ated as previously described13 and backcrossed onto a
C57BL/6 background for 12 generations. CCR7�/� mice
were crossed with Lt��/� mice to generate double knock-
out mice. CD11c.DTR transgenic mice were obtained from
Natolio Garbi.20 Animals were housed in a specific patho-
gen-free facility at the Max-Delbrück-Center for Molecular

Medicine, Berlin, Germany. All animal studies were per-
formed according to institutional and Berlin State guidelines
(registered under LaGeSo 0184/04 and 0371/05).

Determination of Gastric pH

Mice were fasted overnight and sacrificed, 50 �L of gastric
contents was collected, and the pH was determined using
pH paper (Whatman; GE Healthcare, Munic, Germany).

Antibodies

The following primary antibodies were used: fluorescein
isothiocyanate (FITC)–conjugated Armenian hamster-
anti-mouse CD3�; phycoerythrin (PE)-labeled Armenian
hamster-anti-mouse CCR5 (CD195); biotinylated Arme-
nian hamster anti-mouse CXCR3 (CD183); FITC-labeled
Armenian hamster anti-mouse CD69; PE-conjugated rat
anti-mouse CD44; allophycocyanin (APC)-labeled
rat anti-mouse CD4, CD8, and CD19; FITC-labeled rat
anti-mouse CD86; PE-labeled rat anti-mouse CD23;
PE-labeled rat-anti-mouse CD8�; peridinin chlorophyll
protein complex (PerCP)-labeled rat anti-mouse CD8�;
PerCP-labeled Armenian hamster anti-mouse CD3�; PE-
coupled Armenian hamster anti-mouse CD103 (all from
BioLegend, Kithorn, the Netherlands); FITC-labeled rat
anti-mouse CD21/CD35, IgD; FITC-labeled mouse anti-
mouse I-Ab; PE-labeled rat anti-mouse IgM (all from BD
Biosciences, Heidelberg, Germany); FITC-conjugated rat
anti-mouse interferon (IFN)-� and APC-conjugated rat
anti-mouse interleukin 17A (IL-17A) (eBioscience, Frank-
furt, Germany); and biotinylated Armenian hamster anti-
mouse CD11c (Caltag, Hamburg, Germany). Biotinylated
primary antibodies were detected with streptavidin con-
jugates (BioLegend).

For immunohistology, the following primary antibodies
were used: mouse-anti-proton pump/H,K-adenosine
triphosphatase (ATPase) �-subunit (MBL International Cor-
poration, Woburn, MA); purified rat-anti-mouse CD138;
FITC-labeled mouse-anti-mouse CD45.1; Pacific blue–
labeled mouse-anti-mouse CD45.2 (all from Biolegend);
Alexa 488–labeled rat-anti-mouse CD45R/B220; Pacific
blue–labeled rat-anti-mouse CD3; biotinylated rat-anti-
mouse CD45R/B220; and biotinylated Armenian hamster-
anti-mouse CD11c (all from BioLegend). Biotinylated Ulex
europaeus agglutinin I (UEAI; Vector Laboratories, Loer-
rach, Germany) and FITC-labeled Griffonia simplicifolia
lectin (Invitrogen, Darmstadt, Germany) were used to
identify pit and mucous neck cells, respectively.

Flow Cytometry Analysis

Data were acquired on a FACSCanto II flow cytometer
(BD Biosciences) and analyzed with Flowjo software ver-
sions 8.8.2 and 9.2 (TreeStar, Ashland, OR).

Immunohistology

For Alcian blue staining, paraffin sections were deparaf-
finized, incubated with Alcian blue solution (pH 2.5) for 30

minutes at room temperature, rinsed in water, dehy-
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drated, and mounted in Entellan (Merck, Darmstadt, Ger-
many). Images were acquired with a Zeiss Axiophot flu-
orescence microscope with an Axiocam HRc camera
and further processed using AxioVision 4.5 software (all
from Carl Zeiss, Göttingen, Germany).

Mononuclear Cell Preparation from Mucosal
Tissue and SLOs

Minced tissue of murine stomachs was incubated in
RPMI 1640 medium and supplemented with 10% fetal
calf serum and 6 mg/mL of collagenase NB4 (Serva,
Heidelberg, Germany) for 30 minutes at 37°C. Spleen
and mesenteric LNs (mLNs) were injected with 2 mg/mL
of collagenase NB4, cut into small pieces, and incubated
at 37°C for 30 minutes. Single-cell suspensions were
applied on a Ficoll density gradient.

Detection of IFN-�– or IL-17A–Producing
Gastric T Cells

Mononuclear cells were isolated from the stomach and
incubated for 4 hours at 37°C in RPMI 1640 medium
containing 10% fetal calf serum in the presence or ab-
sence of a cocktail of ionomycin (1.5 �g/mL), phorbol
myristate acetate (40 ng/mL), and brefeldin A (20 �g/mL)
(Sigma-Aldrich, Munich, Germany). Surface expression
of CD3, CD4, and CD8 and intracellular expression of
IFN-� and IL-17A (Fix & Perm cell permeabilization kit;
Caltag) were analyzed by flow cytometry.

Determination of Secreted Inflammatory Cytokines

Stomach tissue of 2-month-old mice was cut into pieces
and incubated in 1.25 mL of serum-free RPMI 1640 me-
dium containing penicillin and streptomycin for 31 hours
at 37°C and 5% CO2. Supernatants were harvested and
assayed for secreted IL-1�, tumor necrosis factor (TNF)-�,
IFN-�, IL-6, IL-10, CCL2 (monocyte chemotactic protein 1),
and IL-12p70 using the Cytometric Bead Array Mouse In-
flammation Kit and FCAP Array Software (all from BD Bio-
sciences) according to the manufacturer’s instructions. Cy-
tokine concentration was indicated by the fluorescent
intensity and finally normalized to stomach weight.

Laser Capture Microdissection and Quantitative
PCR

Gastric epithelial tissue from C57BL/6 wild-type (Wt) and
CCR7�/� mice and TLOs from stomachs of CCR7�/�

mice were laser microdissected using the PixCell IIe LCM
System (Arcturus, Mörfelden-Walldorf, Germany). Cryosec-
tions of gastric tissue were mounted on diethyl pyrocar-
bonate–treated slides, stained, and dehydrated using the
HistoGene LCM frozen section staining kit (Arcturus). RNA
was isolated using the PicoPure RNA Isolation Kit, followed
by two-round amplification of RNA using the RiboAmp Plus
Kit (both from Arcturus). For gene expression analysis, anti-

sense RNA was reverse transcribed to cDNA and quantitative
PCR was performed in an array format (SABiosciences, Qia-
gen GmbH, Hilden, Germany).

Immunoblotting

Stomach tissue lysates were prepared in lysis buffer (100
mmol/L Tris, pH 7.5, 150 mmol/L NaCl, 1 mmol/L EDTA-
Na2, 1 mmol/L sodium orthovanadate, 1 mmol/L NaF, 1%
Triton X-100, and protease inhibitors), and 30 �g of pro-
tein was separated by SDS-PAGE. Blots were probed
with mouse-anti-proton pump/H,K-ATPase �-subunit an-
tibody (MBL International Corporation) and polyclonal
rabbit-anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibody (Abcam), followed by horseradish
peroxidase (HRP)–coupled goat anti-mouse or donkey
anti-rabbit secondary antibody. Proteins were visualized
by chemiluminescence (ECL kit; Thermo Scientific, Bonn,
Germany). Densitometric quantification of blot bands was
performed using the ImageJ software version 1.42q
(NIH).

Mixed Bone Marrow Chimeras

Bone marrow (BM) from 6- to 12-week-old Wt and
CCR7�/� mice was transplanted into 8- to 12-week-old,
sex-matched Rag2�/� mice. Recipients were sublethally
irradiated (7 grays) and reconstituted with 2 to 3 � 107

mixed BM cells (1:1) from Wt C57BL/6/CD45.1 and
CCR7�/�C57BL/6/CD45.2 donor mice.

Detection of Autoantibodies and Cytokines by
Enzyme-Linked Immunosorbent Assay

Microtiter plates were coated with 10 �g/mL of whole Wt
stomach tissue lysate and incubated with sera at a dilution
of 1:50. Bound IgG antibodies were detected using HRP-
conjugated rabbit anti-mouse antiserum (1:4000, Southern
Biotechnology, Aachen, Germany) in conjunction with
3,3=,5,5=-tetramethylbenzidine (TMB) substrate (BD).

To quantitate serum IL-17 levels, microtiter plates were
coated with rat anti-mouse IL-17A (BioLegend). Serum
samples were diluted 1:30 and recombinant mouse IL-17A
served as a standard. Bound cytokines were detected with
biotinylated rat-anti-mouse IL-17A (BioLegend), followed by
HRP-conjugated streptavidin and TMB substrate.

Depletion of CD4� Lymphocytes and
CD11c� DCs

CCR7�/� mice were injected weekly with 50 to 100 �g of
CD4� cell-depleting antibody GK1.5 antibody (BioLegend)
or isotype control antibody (rat IgG2b, �) starting at 2 weeks
of age. CD11c.DTR mice, in which the diphtheria toxin re-
ceptor (DTR) is under the control of the CD11c promoter,
were used to deplete DCs.20 Eight DT (8 ng/g of body
weight) i.p. injections in CCR7�/� CD11c.DTR transgenic
mice every second day induced the depletion of CD11c�
DCs.
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Statistical Analysis

Results are expressed as arithmetic mean � SD or SEM,
as indicated. P � 0.05 was considered statistically sig-
nificant and determined by either the Mann-Whitney
U-test (one-tailed or two-tailed) or an unpaired, two-tailed
Student’s t-test, as indicated.

Results

Spontaneous Development of AIG in CCR7-
Deficient Mice with Profound Parietal Cell Loss
and Mucosal Lymphoid Neogenesis

We previously reported that the gastrointestinal mucosal
tissue of CCR7�/� mice is highly permissive for the for-
mation of TLOs. In aged mice, histologic analysis re-
vealed enlarged stomachs with profound cystic hyper-

Figure 1. Lack of CCR7 causes early development of AIG. A: Paraffin-
embedded stomach sections of 1-, 2-, and 12-month-old Wt (n � 3 to 5 per
age group) or CCR7�/� mice (n � 3 to 5 per age group) were immunohis-
tochemically stained for H�/K�-ATPase � as a marker for parietal cells.
Representative stains are shown. Magnification of representative areas in the
insets. Scale bar � 200 �m. B: Paraffin-embedded stomach sections of
age-matched (12-month-old) Wt (n � 3) and CCR7�/� mice (n � 5) were
stained with H&E (one representative animal of each group is shown).
plasia and an increased rate of mucosal proliferation.16
Here, immunohistologic analysis of 1- to 12-month-old
CCR7�/� mice showed that all animals developed dis-
tinct histologic and immunohistologic features character-
istic of an AIG. Staining for H�/K�-ATPase �, a marker for
parietal cells, revealed a selective loss of parietal cells in
CCR7�/� mice (Figure 1A). Atrophy of parietal cells was
accompanied by profound lymphoid neogenesis (Figure
1B) exhibiting GC formation in gastric TLOs of aged mice
(see Supplemental Figure S1A at http://ajp.amjpathol.
org). The incidence of AIG manifestation was more than
95% in all age groups of CCR7�/� mice (1 month, n � 5;
2 months, n � 13; 10 to 16 months, n � 6), whereas Wt
mice did not develop any signs of AIG up to 12 months of
age. Parietal cell loss was quantitated by immunoblot
analysis showing significantly less protein expression for
parietal cell antigen H�/K�-ATPase � in whole stomach
tissue lysates derived from CCR7�/� compared with Wt
mice (Figure 2, A and B).

Sonic hedgehog (Shh) is abundantly expressed in the
gastric fundic glands, and signaling by Shh protein plays
an important role in the maintenance of gastric fund
gland homeostasis.21,22 Because it was described that
parietal cell loss is correlated with reduced expression
levels of Shh,23,24 we quantitated Shh expression in
CCR7�/� mice. CCR7�/� mice exhibited decreased gas-
tric Shh gene expression levels (Figure 2C) and hypo-
chlorhydria (Figure 2D) compared with Wt controls. The
inflammatory cytokine IL-1� can inhibit parietal cell acid
secretion by promoting gastric atrophy through suppres-
sion of Shh.24 Thus, we analyzed whether local gastric
IL-1� levels might be altered in CCR7�/� mice. CCR7�/�

Figure 2. Parietal cell loss in CCR7�/� mice is associated with decreased
gastric Shh mRNA levels, hypochlorhydria, and increased levels of IL-1�. A:
Immunoblotting for parietal H�/K�-ATPase � (HK�) and GAPDH in stom-
ach tissue lysates of 11- to 23-month-old Wt (n � 8; lane 1–8) and CCR7�/�

(n � 8; lane 9–16) mice. B: Quantitation of H�/K�-ATPase � protein
expression normalized to GAPDH is shown. C: Quantitative PCR for Shh
mRNA transcript in stomachs of 2-month-old Wt (n � 6) and CCR7�/� (n �
6) mice. Expression of Shh mRNA was normalized to GAPDH and is depicted
as relative gastric Shh mRNA expression in CCR7�/� compared with Wt (set
arbitrarily to 1) mice. D: Measurement of intragastric pH in 11- to 23-month-
old Wt (n � 7) and CCR7�/� (n � 6) mice using pH indicator paper. E:
Determination of IL-1� secretion from stomachs of 2-month-old Wt (n � 5)
and CCR7�/� (n � 5) mice. Stomach-derived cells were cultured for 31 hours
in RPMI 1640 medium without serum at 37°C. IL-1� release was measured in

supernatants by cytokine bead array. Bars represent means � SD (B and D)
or SEM (C and E). *P � 0.05, **P � 0.01; Mann-Whitney U-test.

http://ajp.amjpathol.org
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mice revealed a significant increase in gastric IL-1� pro-
duction compared with Wt mice (Figure 2E), suggesting
that enhanced IL-1� expression induces down-regulation
of Shh. Gastric secretion of additional proinflammatory
cytokines, ie, IL-6, IL-10, TNF-�, CCL2 (monocyte che-
motactic protein 1), and IL-12p70, was not enhanced in
CCR7�/� mice (data not shown).

Replacement of Parietal Cells by Aberrant
Mucous-Producing Cells

Loss of gastric glandular cells frequently leads to a se-
vere alteration of the normal gastric pit architecture, most
likely through replacement by intestinal or fibrous tis-
sues.25 Here, stomach sections of 2-month-old Wt or
knockout mice were stained for CD138 expression, a
marker for gastric pit (foveolar epithelial) cells. The
CD138� cell population was markedly increased in
CCR7�/� compared with Wt mice (Figure 3A). In addi-
tion, single CD138� plasma cells were frequently de-
tected within the lamina propria of CCR7�/� mice (Figure
3A, right panel). To further differentiate between pit cells
and mucous neck cells, lectin staining was performed. Pit
cells (UEAI�) lined the gastric surface and were present
along pit walls, whereas mucous neck cells (GSII�)
marked the neck region of the gastric gland in Wt mice
(Figure 3B, left panel). In sharp contrast, surface pit cells
in CCR7�/� mice were found in the vicinity of mucous
neck cells and both cell lineages were markedly ex-
panded (Figure 3B, middle and right panels) compared
with Wt mice.

Next, we stained stomach sections of CCR7�/� mice
and Wt controls (1 to 12 months old) for acidic mucopo-
lysaccharides (Figure 3C). Extended Alcian blue staining
in young and elder CCR7�/� mice was indicative of an
expansion of acidic mucous-secreting cells, demonstrat-

Figure 3. Lack of CCR7 leads to gastric intestinal metaplasia. Stomach sections
Wt or CCR7�/� mice (n � 5 per group) were stained for CD138 expression (
cells) (A) or triple-stained with lectins UEAI (red, pit cells), GSII (green, mucous n
DAPI (blue) (B). C: Paraffin-embedded stomach sections of 1-, 2-, and 12-mo
CCR7�/� mice (n � 3 to 5 per group) were stained for acidic mucopolysaccharid
pH 2.5). Magnification of representative areas in the insets. Scale bar � 200 �
ing metaplasia in CCR7�/� mice. In conclusion,
CCR7�/� mice exhibited a disturbed gastric fundic gland
homeostasis with severely impaired differentiation of mu-
cous-producing cells.

Activated Immune Cell Subsets in the Gastric
Mucosa of CCR7�/� Mice Are Associated with
an Inflammatory Milieu

Lymphocytes that infiltrate the GM can contribute to ep-
ithelial cell destruction and to gastric atrophy during
chronic gastritis.26 To determine the transcriptional pro-
file of the gastric ectopic lymphoid aggregates in
CCR7�/� mice versus Wt GM tissue, we microdissected
the gastric TLOs and GM tissue of 4- and 12-month-old
CCR7�/� and Wt mice, respectively. Quantitative reverse
transcription–PCR array analysis focused on genes that
were informative on immunoregulatory and proliferative
processes. Within gastric TLOs, we detected genes that
are commonly associated with an inflammatory milieu,
including ILs and IL receptors, ie, IFN-�, inflammatory
chemokines (CCL3, CCL4, CCL5, CCL6, CCL8, CCL9,
CXCL9, CXCL10), chemokine receptors (CCR1, CCR4,
CCR5, CXCR3), integrins, and complement factor C3
(see Supplemental Table S1 at http://ajp.amjpathol.org).
Genes that were up-regulated in the GM of CCR7�/�

mice involved growth factors, adhesion molecules, IFN-�,
TNF-�, proapoptotic genes (Fas, Caspase 1), angiogen-
esis-associated genes (CXCL5), and the inflammatory
cytokine IL-1f6 (see Supplemental Table S2 at http://
ajp.amjpathol.org). Taken together, these results are in-
dicative of a prevalent inflammatory milieu in the GM
tissue of CCR7�/� mice.

Using flow cytometry, we analyzed the activation sta-
tus of CCR7�/� GM-infiltrating and mLN-derived lympho-
cytes compared with Wt lymphocytes. Because naive Wt
mice do not show any intragastric formation of TLOs, the
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and significantly lower compared with CCR7�/� mice
(Figure 4A). Most gastric CCR7�/� CD19� B cells ex-
pressed the common B-cell markers I-Ab (major histo-
compatibility complex [MHC] class II), CD21, and CD23
and were IgM�/IgD� (Figure 4B). A low expression level
was found for the co-stimulatory molecule CD86, and no
significant staining was detectable for the early activation
antigen CD69 (Figure 4B). Hence, CCR7-deficient GM-
infiltrating B lymphocytes represent a mature but pre-
dominantly nonactivated phenotype comparable to those
of Wt mice. The only differences between CCR7�/� and
Wt B lymphocytes were a higher percentage of CD23�

and IgD� B lymphocytes in CCR7�/� mice, which is
because the TLOs in CCR7�/� mice predominantly con-
tain classic B-2 B lymphocytes (CD21intCD23hi/IgM/
IgDhi) (Figure 4B). In both strains, CCR7�/� and Wt ani-
mals, most GM-derived CD4� and CD8� T lymphocytes
expressed the early activation antigen CD69 (Figure 4C,
left panels). Importantly, the overall total number of acti-
vated CD69�CD44highCD4� or CD69�CD44highCD8� T
cells was significantly increased in CCR7�/� compared
with Wt mice (Figure 4C, right panel). CD69 expression
was also up-regulated in 40% to 60% of mLN-derived
CD4� and in 20% to 30% of mLN-derived CD8� T cells of
CCR7�/� mice compared with mLN-derived CD4� (20%-
40%) and CD8� (10%-15%) T lymphocytes of Wt mice
(Figure 4D, left panels). The percentage of CD69� CD4�
or CD8� T cells that co-expressed CD44 was additionally
increased in mLNs of CCR7�/� compared with Wt mice
[6.75% � 0.64% (Wt) and 12.8% � 0.65% (CCR7�/�) for
CD4� T cells and 2.26% � 0.35% (Wt) and 4.36% �
0.38% (CCR7�/�) for CD8� T cells] (Figure 4D, right
panel).

The total number of IFN-�– or IL-17A–producing gas-
tric CD4� T cells was also significantly elevated in
CCR7�/� mice (Figure 4E). In addition, increased IL-17A
levels were detected in the serum of young (4 to 6 weeks
of age) (Figure 4F) and old (12 months of age; data not
shown) CCR7�/� mice compared with Wt mice. The in-
flammatory phenotype of CCR7�/� T lymphocytes was
further supported by chemokine receptor expression.
Approximately 10% of GM-derived T lymphocytes ex-
pressed the TH1-associated chemokine receptors CCR5
and/or CXCR3 (see Supplemental Figure S2 at http://
ajp.amjpathol.org). The percentage of mLN-derived CD4�

T cells expressing CCR5 and/or CXCR3 was also en-
hanced in CCR7�/� compared with Wt mice (see Sup-
plemental Figure S2 at http://ajp.amjpathol.org).

CD4� T Cells Are Crucial for the Development
of AIG and Ectopic Follicular Aggregates in
CCR7�/� Mice

GM-infiltrating T cells, which exhibited an activated phe-

Figure 4. Immune cell subsets of CCR7�/�

mice exhibit an activated and inflammatory phe-
notype within the GM and mLNs. A: Arithmetic
means of absolute gastric CD19� B cells and
CD4� and CD8� T cells in the GM tissue of Wt
(black bars; n � 12 to 13) and CCR7�/� (open
bars; n � 5) mice. Data were calculated from
flow cytometric analysis of CD3�CD4� and
CD3�CD8� expression for T-cell subtypes and
CD19� expression for B cells of size-gated gas-
tric lymphocytes. B: Flow cytometric analysis of
activation and maturation markers on CD19�-
gated B cells isolated from the GM of Wt (black
curve; n � 6 to 9) or CCR7�/� mice (n � 7 to 10;
red curve: isotype control). GM-derived (C) or
mLN-derived (D) T-cell subsets (gated on CD4�

or CD8�) of 6- to 10-month-old CCR7�/� (GM,
n � 12; mLN, n � 12 to 14) and Wt mice (GM,
n � 9; mLN, n � 6 to 8) were stained for CD69
expression and analyzed by flow cytometry
(shaded curve: isotype control). Total numbers
of activated CD69� CD44high T-cell subsets in
GM (C; right panel) and percentages of acti-
vated CD69� CD44high T-cell subsets in mLN (D;
right panel) of Wt and CCR7�/� mice are
shown. E: Flow cytometric analysis of IFN-� or
IL-17A production in GM-derived CD4� T cells
from Wt (n � 9) and CCR7�/� mice (n � 3) after
in vitro culture with (�) or without (-) brefeldin,
ionomycin, and PMA. Total numbers of gastric
CD4� IFN-�� or CD4� IL-17A� cells are shown.
F: Serum samples from 4- to 6-week-old Wt
(black bar; n � 9) and CCR7�/� mice (open bar;
n � 9) were analyzed for the TH17 cytokine
IL-17A by enzyme-linked immunosorbent. Bars
in A–E represent mean � SEM. *P � 0.05,
**P � 0.01, and ***P � 0.001; Mann-Whitney
U-test.
notype, were most likely involved in the production of

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org


760 Winter et al
AJP August 2011, Vol. 179, No. 2
inflammatory mediators. To assess the role of CD4� T
lymphocytes, we depleted CD4� T cells with an anti-CD4
T-cell antibody starting at the age of 2 weeks until 6 or 8
weeks of age (Figure 5A). Strikingly, the formation of
ectopic lymphoid follicles in the GM of CCR7�/� mice
was completely abolished, whereas CCR7�/� mice
treated with an isotype control antibody revealed normal
development of TLOs as observed before (Figure 5A).
Furthermore, CD4� T-cell–depleted mice did not show
any sign of parietal cell loss (Figure 5B, upper panel),
and also no development of GM metaplasia (lower panel)
could be observed compared with isotype-treated mice.
Hence, activated CD4� T cells act as crucial effectors
and mediators in the development of AIG, including gas-
tric TLO formation in CCR7�/� mice.

Gastrointestinal accumulation of regulatory T cells
(Tregs) is thought to reinforce the delicate balance be-
tween immune activation and tolerance at mucosal
sites.27 To determine whether Tregs were present in the

Figure 5. CD4� T cells are crucial for the development of AIG and ectopic
follicular aggregates. A: Schematic representation of CD4� T-cell depletion in
CCR7�/� mice. CCR7�/� mice were treated with 50 to 100 �g (as indicated)
of anti-CD4 antibody or isotype control antibody i.p. starting at 2 weeks of
age up to 6 or 8 weeks of age (once per week). B: Paraffin-embedded
stomach sections of anti-CD4 Ab- (n � 5) or isotype control antibody-treated
mice (n � 7) were stained with H&E for parietal cells (brown; H�/K�-
ATPase �; upper panel) or acidic mucopolysaccharides (Alcian blue; lower
panel). Scale bar � 200 �m.
GM tissue of CCR7�/� mice, we stained stomach sec-
tions for the presence of Foxp3� Tregs. Foxp3� Tregs
were frequently found within and adjacent to the gastric
TLOs in CCR7�/� mice. In comparison, only a few
Foxp3� Tregs were detected in the GM of Wt mice (see
Supplemental Figure S1B at http://ajp.amjpathol.org).

To analyze the contribution of DCs to gastric TLO for-
mation, we backcrossed CCR7�/� mice with a CD11c
DTR transgenic mouse strain.20 In nondepleted CCR7�/�

CD11c.DTR mice, most of the CD11c� DCs resided
within or in close proximity to gastric TLOs (Figure 6A, left
panel). Mice at 3 months of age were depleted of DCs
over a time period of 14 to 16 days (Figures 6A, right
panel, and 6B). Whereas CD11c� DC depletion in the
spleen was efficient (Figure 6B, upper panel), CD11c�

DC depletion in mucosal TLOs of CCR7�/� mice was
incomplete [Figure 6B (lower panel) and Figure 6C (lower
panel)]. Partial depletion of DCs was associated with
smaller gastric TLOs in DT-treated CCR7�/�CD11c.DTR
mice, but complete resolution of TLOs could not be ob-
served (Figure 6A, right panel). Next, we characterized
DC subsets in the gastrointestinal tissue of CCR7�/�

mice compared with DC subsets in mLNs. A unique pop-
ulation of gastric CD11cint CD103� MHC class IIvariable

CD3� DC-like cells was found in CCR7�/� mice, which
was absent from mLNs and from GM tissue of Wt control
animals (Figure 6, D and E; see also Supplemental Figure
S3 at http://ajp.amjpathol.org).

CCR7 Deficiency Is a Prerequisite for
Lymphocyte Retention within Gastric TLOs

To study whether gastric TLOs would also be permissive
for nonautoimmune-reactive Wt lymphocytes, we gener-
ated mixed BM chimeras by transplanting BM from
CCR7�/� (CD45.2) together with BM from congenic B6
(CD45.1) mice in a 1:1 ratio into sublethally irradiated
Rag2�/� mice (Figure 7A). As a control, sublethally irra-
diated Rag2�/� mice were injected with Wt BM only.
Three to 8 months after transfer, the frequency of gastric
Wt and CCR7�/� lymphocytes and the formation of gas-
tric TLOs were analyzed. Rag2�/� recipients of mixed
BM cells exhibited the formation of large TLOs in the
submucosa and lamina propria of the stomach accom-
panied by severe parietal cell loss and gastric metaplasia
(Figure 7, B and C). Transfer of Wt BM alone did not
cause lymphoid neogenesis (data not shown) or altered
mucosal tissue architecture (Figure 7C). The proportion
of Wt BM-derived and CCR7�/� BM-derived lymphocytes
within mucosal TLOs revealed a striking difference. Most
lymphocytes contributing to the follicular aggregates
were of CCR7�/� origin, whereas only single Wt lym-
phocytes were found scattered throughout the lym-
phoid follicles and within the gastric lamina propria
(Figure 7B). In contrast, the ratio of Wt to CCR7�/�

lymphocytes in the mLNs was increased, thus under-
lining the role of CCR7 as a major LN-homing receptor
(data not shown). These results support the notion that
only autoreactive CD4�CCR7�/� T cells have the abil-
ity to lodge within the GM tissue and subsequently give

rise to TLOs.
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Manifestation of AIG Is Independent from
Organized TLOs and from Peripheral LNs as
Inductive Sites

The involvement of TLOs in the initiation and maintenance
of chronic inflammatory autoimmune diseases is still un-
clear.7 To determine whether local TLOs and peripheral
LNs are a prerequisite for the development of AIG in
CCR7�/� mice, we crossed CCR7�/� mice into the
Lt��/� mouse strain to generate CCR7/Lt� double-defi-
cient (CCR7�/�Lt��/�) mice. Lt�, which is a member of
the TNF family of cytokines, facilitates the development of

Figure 7. Autoreactive CCR7-deficient lymphocytes induce AIG and gastric
TLO formation in Rag2�/� mice. A: Schematic representation for generation
of BM chimeric mice by reconstitution of sublethally irradiated Rag2�/� mice
with equal numbers of CD45.2� C57BL/6 CCR7�/� and congenic CD45.1�

C57BL/6 Wt BM cells. B: Stomach sections were stained for CD45.1� (green)
and CD45.2� (blue) cells (upper panel) or B220� B (green) and CD3� T
(blue) cells (lower panel). Shown are representative stains of ectopic fol-
licular aggregates in two of seven mice analyzed. C: Paraffin-embedded

� �
Figure 6. Gastric TLOs of CCR7�/� mice contain an intestinal type of
CD11cint CD103� DCs. A: Stomach sections of 3-month-old
CCR7�/�CD11c.DTR transgenic mice, treated with PBS (-DT) or treated
with DT (�DT) were stained with H&E or for CD11c� DCs (red) and
B220� B cells (blue). Scale bar � 200 �m. B: CD11c� DC depletion
was analyzed in the spleen and in the GM of 3-month-old
CCR7�/�CD11c.DTR transgenic mice, treated with PBS (-DT) or DT
(�DT), by flow cytometric analysis. Representative dot plots for CD11c
and MHC class II expression are shown. C: Percentage of CD11c� MHC
class II� DCs in the spleen (upper panel) and GM (lower panel) of
PBS-treated CCR7�/�CD11c.DTR transgenic (gray bars; n � 4) and DT-
treated CCR7�/�CD11c.DTR transgenic mice (black bars; n � 4) mice. D:
Dendritic cells isolated from GM and mLNs of Wt (GM, n � 3; mLN, n �
4) and CCR7�/� (GM, n � 8; mLN, n � 4) mice (2 to 3 months old) were
analyzed by flow cytometry analysis. Representative data for CD103 and
CD11c expression are shown. E: Quantification of CD11c�CD103int and

int � �/�
 stomach sections were stained for H /K -ATPase � (brown) or acidic mu-
copolysaccharides (Alcian blue). Scale bar � 200 �m.
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organized secondary and tertiary lymphoid tissues. Sub-
sequently, Lt��/� mice entirely lack LNs and Peyer’s
patches (PPs) and have a disrupted splenic architec-
ture.19 As expected, CCR7�/�Lt��/� mice also lacked all
peripheral LNs and failed to develop organized gastric
TLOs. However, they displayed unorganized lymphoid
infiltrates consisting of B and T lymphocytes (Figure 8A)
and macrophages (data not shown) within the GM and

Figure 8. Development of AIG in CCR7�/�Lt��/� mice is independent of
organized lymph nodes and gastric TLOs. A: Paraffin-embedded stomach
sections from 1- to 2-month-old Lt��/� and CCR7�/�Lt��/� double-defi-
cient mice were stained with H&E or for B220� B (blue) and CD3� T (red)
cells. B: Sections from 1- to 2-month-old Lt��/� and CCR7�/�LT��/� mice
were stained for H�/K�-ATPase � (brown) and acidic mucopolysaccharides
(Alcian blue). Scale bar � 200 �m. C: Relative serum titers of IgG autoanti-
bodies directed against gastric-derived antigen of 1-month-old (left panel)
and 2-month-old (right panel) Wt, Lt��/�, CCR7�/�, and CCR7�/�Lt��/�

(double knockout; DKO) mice. Serum samples were used at a dilution of

1:50. Absorbance values at 450 nm represent the relative antigastric IgG.
Mean values are shown; *P � 0.05, **P � 0.01; Mann-Whitney U-test.
submucosa. The frequency of naïve to activated T cells
was not significantly altered in peripheral blood and
splenic T lymphocytes of CCR7�/�Lt��/� mice com-
pared with Wt mice (data not shown). This was in contrast
to the enhanced activation status that we found in periph-
eral and LN-derived T cells of CCR7 single-deficient mice
and suggests that peripheral T cells are predominantly
activated in SLOs. Nevertheless, despite the lack of
organized gastric TLOs in CCR7�/�Lt��/� mice, we
observed substantial loss of parietal cells (Figure 8B,
upper panel) accompanied by the development of GM
metaplasia (Figure 8B, lower panel). We also deter-
mined serum autoantibody titers against gastric anti-
gen. Gastric antigen-specific IgG was significantly in-
creased in CCR7�/� compared with Wt mice, whereas
CCR7�/�Lt��/� (double knockout) mice only showed a
minor increase (Figure 8C). We suggest that in our AIG
model, the induction of humoral immune responses is
more dependent on organized SLO or TLO structures
compared with the induction of T-cell–mediated autoim-
mune responses.

Discussion

In the present study, we demonstrate that CCR7�/� mice
develop an early spontaneous AIG with near-complete
penetrance. This spontaneous model allowed us to ad-
dress whether the development of gastric TLOs might
contribute to the induction and maintenance of AIG.

The local inflammatory microenvironment, which pro-
motes the formation of TLOs, is mediated by interactions
of immune effector cells and tissue-resident cells. Hence,
we analyzed the cellular requirements for TLO formation
in CCR7�/� mice, a process that is believed to mimic
several aspects of SLO development. The function of
homeostatic chemokines in SLO development and orga-
nization is mutually dependent on signaling pathways
activated by the TNF/Lt family of cytokines.28,29 Lt�1�2
expressing lymphoid tissue inducer (LTi) cells are the first
cells to colonize the LN anlagen and are absolutely re-
quired for neonatal SLO development. However, it is less
clear whether LTi cells are required for the formation of
TLOs.7,30 Transgenic mice overexpressing IL-7 but lack-
ing either ROR�t, a transcription factor needed for LTi cell
development, or Lt�1�2 did not support the generation of
LNs, PPs, or TLOs.31 However, in CCR7�/�/ROR�t�/�

double knockout mice, we still observed the development
of ectopic follicular aggregates within the GM tissue (U.E.
Höpken et al, unpublished data). Thus, in our spontane-
ous AIG model, the development of gastric TLOs was
independent of LTi cells. This is in line with a recent
publication by Lochner and coworkers, which showed
that in ROR�t�/� mice microbiota-induced TLOs could
be observed in the absence of LTis.32

In transgenic mice that express CCL21 in the thyroid
gland, it was found that TLO formation involved the inter-
action of mature CD4� T cells with clusters of DCs, a
process mediated by homeostatic chemokines.33 In sup-
port of a decisive role of CD4� T cells during TLO forma-

tion, depletion of all CD4� T cells led to a complete
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abrogation of TLO formation in the GM tissue of CCR7�/�

mice. Notably, on transplantation of CCR7�/�/Wt mixed
BM into Rag�/� recipients, gastric TLOs frequently de-
veloped but were populated predominantly by CCR7�/�-
derived lymphocytes. This suggests that only activated
and putatively autoreactive CCR7�/� lymphocytes con-
tribute to ectopic gastric lymphoid cell clusters. In addi-
tion, we and others recently showed that CCR7 defi-
ciency led to an impaired lymphocytic recirculation and
subsequently caused accumulation of lymphocytes in
nonlymphoid tissues.15,34 This might cause an extended
residence time of putatively autoreactive lymphocytes at
mucosal sites and thereby support the development of
AIG and the formation of gastric TLOs.

A recent publication showed that CD11c� DCs are
essential for the maintenance of TLOs in the lungs of
influenza virus–infected CD11c.DTR transgenic mice.35

To further address the cellular requirements for TLO for-
mation, we depleted DCs via administration of DT in
CCR7�/�CD11c.DTR transgenic mice. We obtained an
ineffective depletion of CD11c� DCs in gastric TLOs
compared with a near-complete depletion of DCs in the
spleen. Incomplete depletion of a CD11cint/lo DC popu-
lation has already been shown by Garbi et al,20 an effect
that was explained by lower expression of the DTR in
these cells. In CCR7�/� mice, we showed a unique pop-
ulation of gastric CD11cint CD103� DCs, which was
clearly absent from mLNs and GM tissue in Wt mice.
Thus, in our model we envisage that reduced CD11c
expression of this gastric TLO-associated subpopulation
of DCs is responsible for their ineffective depletion. A
functional subset of intestinal CD11c�CD103� MHC
class II� DCs with classic DC function was previously
described.36,37 The distinct subpopulation of gastric
CD11cint CD103� DCs in the CCR7�/� mice differs from
those intestinal CD11c�CD103� MHC class II� DCs with
regard to their lower CD11c and variable MHC class II
expression levels. Hence, this gastric DC cell subpopu-
lation most likely represents an immature DC subtype
and might not serve classic DC function. CD11c interme-
diate expressing DCs have also been described in lungs
infected with Mycobacterium tuberculosis38 and recently
in murine Listeriosis.39 The authors demonstrated that
these CD11cint DCs are critical for the recruitment of both
T cell and myeloid cell migration to the lung38and that
they possessed T-cell–priming abilities.39 We hypothe-
size that gastric CD11cint CD103� MHC class IIvariable

DCs support the recruitment of autoreactive T cells to-
ward and within the TLOs of CCR7�/� mice and might
also support induction and maintenance of gastric TLO
formation.

However, because of ineffective DC depletion the
question of whether interaction of mature and potentially
autoreactive T cells with DCs is crucial for the initial
development and maintenance of gastric TLOs cannot
be definitely answered. Taken together, we suggest that
during autoimmune inflammation autoreactive CD4� T
cells mediate TLO development in GM tissue, most likely
in cooperation with local DCs, macrophages, and B cells.

Strikingly, manifestation of AIG clearly preceded the

development of TLO formation in CCR7�/� mice. Thus,
the central question arises of whether autoreactive lym-
phocytes must be structurally organized to initiate dis-
ease pathogenesis.

In all other animal models of AIG, the generation of
gastric antigen-specific CD4� T cells is pivotal for the
pathology. Furthermore, mononuclear infiltrates within the
GM, loss of parietal and zymogenic cells, and the pro-
duction of parietal cell autoantibodies are indicative of
gastric autoimmunity.11 We showed that activated and
putatively autoreactive CD4� T cells act as crucial effec-
tors and mediators in the development of AIG in CCR7�/�

mice. Accordingly, we suggest that the autoreactive
CD4� T cells mediate the formation of an inflammatory
gastric milieu characterized by the production of proin-
flammatory cytokines and adhesion molecules. Notably,
we found enhanced gastric expression of the inflamma-
tory cytokine IL-1� in CCR7�/� mice. This result provides
a mechanistic link to the development of gastric atrophy,
including parietal cell loss and metaplasia in CCR7�/�

mice. In a recent study, an intimate relationship between
acid secretion and expression of the gastric morpho-
genic factor Shh was shown, and it was suggested that
IL-1� promotes Helicobacter pylori–induced gastric atro-
phy through suppression of Shh.24 Reduced expression
of Shh by parietal cells together with increased expres-
sion of transcriptional activators of intestinal and pancre-
atic differentiation (ie, CDX2 and PDX1) could also lead to
gastric atrophy and metaplasia.40 Here, we show that the
mechanism by which IL-1� induces gastric atrophy dur-
ing H. pylori–induced gastritis also applies to AIG. We
envisage that loss of parietal cells in CCR7�/� mice is
linked to the down-regulation of Shh through an IL-1�–
mediated and acid-dependent mechanism.

Impaired function or removal of CD4�CD25� Tregs
can also initiate AIG. In a lymphopenic model of AIG
induced by neonatal thymectomy, AIG is mainly caused
by extirpation of Tregs through prevention of their export
from the thymus.11 In CCR7�/� mice, naturally occurring
Tregs develop normally in the thymus, and their in vitro
suppressive activity is unhampered, whereas their sup-
pressive function in vivo is severely impaired.18 This func-
tional impairment is mainly due to the inability of CCR7-
deficient Tregs to home to the T-cell zone of LNs, where
Tregs proliferate and expand on contact with their cog-
nate antigen. In accordance, we detected numerous
Tregs within loose gastric lymphoid aggregates and in
structured TLOs of CCR7�/� mice. However, their sup-
pressive activity might be impaired due to the inability of
CCR7�/� Tregs to recirculate properly through tissue-
associated LNs, which could explain why AIG evolves in
the presence of numerous Tregs.

To investigate whether activation of autoreactive T cells
can occur in the GM without structured TLOs and in the
absence of classic LNs, we generated CCR7�/�LT��/�

double knockout mice. Despite the absence of all LNs,
PPs, and structured gastric TLOs, these mice spontane-
ously developed severe AIG, comparable to CCR7 single
knockout mice. In contrast, former studies in aly/aly mice,
which completely lack LNs and PPs, suggested that cell-
mediated immunity, including autoimmune responses,

cannot be initiated in the absence of LNs.41 This view
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was challenged by a recent study showing that aly/aly
mice, which had been reconstituted with Wt hematopoi-
etic cells and were additionally splenectomized, devel-
oped pathogenic T-cell responses.42 In agreement, initi-
ation of cellular T-cell responses to neoantigens and
autoantigens was seen in Lt�R�/� and Lt��/� mice
strains that lack all peripheral LNs.41,43 Although we have
not yet investigated the spleen as an effector site for AIG
development in the CCR7�/�LT��/� mice, previous data
of splenectomized Lt��/� and Lt�R�/� mice suggested
that the spleen, PPs, and LNs are not absolutely required
for the development of gastrointestinal immune re-
sponses. Instead, other tissues, including parenchymal
organs, can develop into alternative sites of antigen pro-
cessing and presentation.41

Taken together, we define the observed pathomorpho-
logic phenotype in CCR7�/� mice as an autoimmune
disease that results in atrophic gastritis. We show that
immunopathogenetic steps that lead to spontaneous AIG
can proceed at sites that are separate from classic LNs
and organized TLOs.
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