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Helicobacter bilis (Hb) is an enterohepatic Helicobacter species 
(EHS) capable of colonizing multiple hosts, including humans, 
dogs, cats, hamsters, gerbils, mice, and rats, with increasing rec-
ognition of systemic disease in immunocompetent subjects.8,44 
Since the first isolation by culture in 1995,12 Hb and Hb-like 
organisms11,17 have been reported to colonize an emerging, 
ever-widening host range, including evidence of colonization 
of the human lower bowel associated with enterocolitis18 and 
hepatobiliary disease, particularly in patient populations at 
high risk for gall bladder and biliary tract cancer.9,28,30,32,35 Un-
less specifically excluded, Hb is endemic in many rodent breed-
ing colonies25,39,43 and is a well-established cause of typhlocolitis 
and colon cancer in immunodeficient mice13,26,27,31,36 and rats16 
and gastrointestinal lymphomas in hamsters.46 Similar to H. he-
paticus, the type EHS species,16 Hb was isolated from livers with 
chronic hepatitis in select inbred strains of aged mice,12,42 pre-
sumably due to genetic predisposition. Outbred SW mice used 
as colony surveillance mice are often infected with Hb and other 
EHS, but the risk for chronic hepatitis or other adverse effects on 
research use have been not investigated sufficiently.39,43,44

Our discovery of naturally acquired Hb infection associ-
ated with liver lesions in outbred Swiss Webster (SW) stock24 

motivated us to confirm direct causality by using gnotobiotic 
mice. In the current study, germfree (GF) SW mice were mono-
associated with Hb and the development of chronic hepatitis 
was monitored by periodic necropsy over 3 to 14 mo post in-
fection (mpi). Portal hepatitis was observed in aged, primarily 
female, SW gnotobiotic mice consistent with prior data.10 In 
addition, Hb monoassociation concurrently resulted in mild 
enterocolitis and remarkable gut-associated lymphoid tissue 
(GALT) hyperplasia with ectopic, tertiary lymphoid tissue 
(TLT) neogenesis in the cecum and colon. This observation was 
unexpected and has not been published in regard to Hb or any 
other helicobacters. We therefore performed a detailed semi-
quantitative assessment of the effects of Hb on GALT in the 
absence of other organisms. The effect of Hb on GALT was as-
sessed by colonizing additional GF mice and evaluating GALT 
at an earlier timepoint (1 mpi) and in chronic stages (10 mpi). 
To this end, we used quantitative assays that included GALT 
morphometry, immunohistochemistry, flow cytometry, and 
quantitative PCR (qPCR) analysis to assess bacterial coloniza-
tion and mRNA expression of inflammatory and antiinflam-
matory genes.

Materials and Methods
Ethics statement. The experiments were approved (protocol 

1215-115-18) by the Massachusetts Institute of Technology Com-
mittee on Animal Care. The facility is AAALAC-accredited and 
adheres to guidelines published by the Public Health Service in 
the Guide for the Care and Use of Laboratory Animals (8th edition).19
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Experimental design. Experiment 1. Over the course of 14 mpi 
with Hb, 29 GF controls and 36 Hb monoassociated (Hb-mono) 
SW mice in approximately equal numbers of male and female 
mice were evaluated histologically for Hb-induced hepatitis, 
and fecal DNA was probed for Hb colonization through qPCR 
analysis. The gastrointestinal tracts from 63 of these mice were 
scored for inflammation and GALT hyperplasia. Livers from a 
subset of 25 randomly chosen control and Hb-dosed mice were 
assessed for Hb colonization by qPCR testing. Other livers from 
control (n = 3) and Hb-dosed mice with the highest histology 
scores (n = 4) were used for immunohistochemistry to evalu-
ate markers for tertiary lymph node development. To moni-
tor hepatitis, mice were necropsied at 3, 6, 7 through 9, and 11 
through 14 mpi. Older mice were clustered in the 7-to-9– and 
11-to-14–mpi groups for statistics because data within each clus-
ter were similar.

Experiment 2. An additional 82 male and female mice were 
used to focus on GALT hyperplasia at an earlier time point (1 
mpi) and a late phase (10 mpi). These animals included GF, 
Hb-mono, SPF control, and Hb-infected SPF SW mice. These 
mice were used for morphometry of GALT development, im-
munohistochemistry to identify lymphocyte subsets in enlarged 
GALT, flow cytometry to quantify lymphocyte subsets in mul-
tiple lymphoid tissues, DNA isolation for Hb colonization by 
qPCR analysis, and RNA isolation to measure cytokine and che-
mokine expression in multiple tissues.

Bacterial colonization of germfree and specific pathogen-free 
mice. For Hb colonization, GF and SPF mice were colonized 
at 6 to 8 wk of age by oral gavage with 200 µL of 108 cfu of Hb 
(Missouri strain; MIT accession 07–9224) on alternate days for 3 
doses. Successful colonization of Hb was demonstrated through 
PCR analysis at several time points after dosing and through 
necropsy.

Husbandry and health status. GF and gnotobiotic SW mice 
were maintained in separate plastic-film isolators on autoclaved 
hardwood bedding in solid-bottomed polycarbonate cages with 
a 14:10-h light:dark cycle and diet of autoclaved rodent chow 
(Prolab RMH 3000, PMI Nutrition International, St Louis, MO) 
and autoclaved water ad libitum. Isolators were sampled every 
2 wk and confirmed negative for bacterial and fungal contami-
nants by culture, fecal Gram stain, and PCR analysis using uni-
versal 16S rRNA primers 341F and R806 as previously described 
to detect all bacteria.38 SPF mice were naturally colonized with 
other intestinal bacteria but otherwise were free of exogenous 
murine viruses, parasites, and bacterial pathogens, including 
EHS except for mice with experimental Hb infection. Mice were 
maintained in nonsterile microisolation cages and fed the same 
autoclaved diet and reverse-osmosis–purified water.

Necropsy. Mice were weighed, scored for body condition, 
and euthanized through CO2 overdose. Blood was obtained 
by the cardiac route and a postmortem gross examination 
was conducted. Serum, feces, liver, stomach, small intestine, 
Peyer patches, terminal ileum, cecum, colon, spleen, and mes-
enteric lymph nodes were collected for RNA, DNA, immuno-
histochemistry, histology, and flow cytometry. Tissues were 
opened, rinsed, and laid flat for sectioning into longitudinal 
strips and then either flash-frozen for RNA isolation (cytokines, 
chemokines), DNA isolation (qPCR analysis for Hb), placed in 
glycerol-based freeze media for culture (Hb), or fixed in 10% 
formalin for histology and immunohistochemistry. For assess-
ment of GALT tissue by using flow cytometry, spleen, mesen-
teric lymph node, Peyer patches, small intestine, cecum, and 
colon were collected to prepare single-cell suspensions (see later 
section). For histology, cecum was collected, and small intes-
tine and colon were Swiss-rolled and fixed in 10% formalin for 
morphologic assessment. Separate cohorts of mice were used as 
needed to provide sufficient tissues or single-cell suspensions, 
and the number of animals used per assay is included in the 
Results or Figure legends.

Histologic evaluation. Formalin-fixed tissues were routinely 
processed, embedded in paraffin, cut at 4 μM, stained with 
hematoxylin and eosin, and evaluated by board-certified vet-
erinary pathologists (VB and SM) who were blinded to sample 
identity. Cohorts of 10 female and 16 male GF and 22 female 
and 17 male Hb-mono SW mice (n = 65) were assessed for total 
hepatitis index. Scores of 0 to 4 for increasing severity of lobular, 
portal, and interface hepatitis were summed for mice necrop-
sied at 3, 6, 7 to 9, and 11 to 14 mpi, according to our previous re-
port of similar lesions in Hb-colonized conventional SW mice.10 
The small intestine, cecum, and colon were scored for inflam-
mation, edema, epithelial defects, hyperplasia and dysplasia, 
ranging from 0 (normal) to 4 (extensive, severe) for increasing 
severity and invasiveness of inflammatory lesions. In addition, 
63 of these mice were scored for GALT development (Figure 1) 
according to qualitative assessment of the small intestine, ce-
cum, and colon for the extent of mononuclear cell infiltrates and 
hyperplastic lymphoid follicles that first organized as de novo 
lymphoid aggregates followed by features characteristic of TLT. 
These features ranged from minimal foci of mononuclear cells 
to ectopic organized lymphoid tissue that demonstrated stromal 
compartmentalization of B and T cells organized around high 
endothelial venules (HEV; Figure 1).

GALT morphometry was performed on an additional 43 
male and 39 female mice at 1 and 10 mpi by using previously 
published criteria.3,4,6,7,21-23,29 Longitudinal sections of the cecum 
and colon were quantitatively assessed by a board-certified 

Figure 1. GALT scoring in cecum and colon. Cumulative maximal score for cecum and colon was 8. Small intestine GALT was minimal and not 
included in cumulative scores.
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veterinary pathologist (VB) blinded to the sample identity. 
cellSens imaging software (Olympus Life Sciences, Waltham, 
MA) was used to quantify the number and size of lymphoid 
aggregates. Total lymphoid aggregate area and the number, 
size, and total area of GC were measured along with the ratio 
of activated GC to lymphoid aggregates. As biomarkers for GC 
activation, well-defined lymphoid aggregates were counted and 
then assessed qualitatively for extent of apoptosis and relative 
number of associated tingible body macrophages, which clear 
lymphoid tissues of dead cells.6 Additional biomarkers included 
prominent HEV and ectatic lymphatic vessels engorged with 
mononuclear cells morphologically similar to cellular infiltrates 
in the lamina propria. Data regarding the absolute number, av-
erage size, and total area of lymphoid aggregates and GCs are 
presented for the colon, because of the uniform length of Swiss-
roll sections. Sections of cecum were more variable in length, so 
the data are presented as the ratio of GC to lymphoid aggregates 
and the percentage of GC that met criteria for activation. Data 

were combined to include cecal and colonic assessments as ap-
propriate and are so indicated in the figure legends.

Immunohistochemistry. For assessment of B cell, T cell, and 
macrophage contributions to TLT development, formalin-fixed 
sections from the ileocecal–colic junction were evaluated from 
3 GF and 3 Hb-mono mice at 9 mpi. Antibodies included those 
to CD3 (pan-T-cell marker using rabbit polyclonal antihuman 
CD3, catalog no. AO452, Dako, Santa Clara, CA), CD45/B220 
(pan-B-cell marker using rabbit polyclonal, cat. no. ab10558, 
Abcam, Cambridge, MA), F4/80 (macrophage marker using rat 
monoclonal, cat. no. MF48015, Caltag Medsystems, Bucking-
ham, United Kingdom) and Ki67 nuclear protein (cell prolifera-
tion) by using mouse antihuman antibody (catalog no. 550609, 
BD Biosciences, Franklin Lakes, NJ). Liver sections from 3 GF 
controls and 4 Hb-mono female mice with the highest liver le-
sion scores at 11 to 14 mpi were processed similarly. Staining 
was performed according to previously described methods for 
antigen retrieval, blocking, and counterstaining.34 CD3+ or B220+ 
cells that were colocalized on serial tissue sections with Ki67 

Table 1. Liver scores (median [range]) in a subset of aged GF controls and Hb-mono Swiss Webster mice at 13 to 14 mpi

Hepatitis index 
(scale, 0–12)

Lobular 
(scale, 0–4)

Portal 
(scale, 0–4)

Interface 
(scale, 0–4)

Lobes with 
> 5 foci

GF control males (n = 4) 0.75 (0–1) 0.5 (0–0.5) 0 (0–0.5) 0 (0) 0 (0)
GF control females (n = 4) 0.75 (0–1) 0.5 (0–0.5) 0 (0–0.5) 0 (0) 0 (0)
Hb-mono males (n = 4) 1 (0–1) 0.75 (0–1) 0 (0–0.5) 0 (0) 0 (0)
Hb-mono females (n = 8) 3.25 (0.5–7.5)a 0.5 (0–2) 1 (0.5–2.5)b 0 (0–1) 1 (0–4)
aP < 0.001 compared to all groups.
bP < 0.05 compared to all groups.

Figure 2. Representative hepatic lesions observed in Hb-mono mice. (A) Lobular pattern of hepatitis. (B) Portal activity. (C) Perivenular mono-
nuclear cell foci. Magnification, 400×.

Table 2. Combined cecum and colon scores (median [range]) for enterocolitis and GALT hyperplasia

Enterocolitis GALT hyperplasia

Inflammation 
(scale, 0–4)

Edema 
(scale, 0–4)

Epithelial defects 
(scale, 0–4)

Total score 
(scale, 0–12)

GALT score 
(scale, 0–8) n

GF control
3 mpi 0.25 (0–1.5) 0 (0–0.5) 0.25 (0–1.5) 0.75 (0–3.5) 1 (0.5–1) 8
6 mpi 0.5 (0–1.5) 0.25 (0–2) 0.5 (0–1.5) 1 (0–4.5) 1.5 (0–2) 8
7–9 mpi 1.25 (0–2) 0 (0–1) 1 (1–2) 2.75 (1–4) 2.25 (1.5–3) 6
11–14 mpi 1 (0–1) 0.5 (0–0.5) 1.5 (1–2) 3 (1–3) 2 (1.5–3) 7

Hb-mono
3 mpi 1.5 (0–2.0)b 0.5 (0–1.5)b 1 (0–1.5) 2.75 (1.5–5)b 3.5 (1–4.5)b 8
6 mpi 1.75 (1–2.5)b 1 (0–1.5) 0 (0.75–1.5) 3.5 (1.5–5)a 4 (3–5)b 8
7–9 mpi 1.5 (1–2.5) 0.5 (0–1.5) 1 (0.5–2) 3 (2–5.5) 4.5 (3.5–6)c 13
11–14 mpi 1.75 (0.5–2.5)a 0.25 (0–1.5) 1 (0.5–3)* 2.75 (1–8) 4.5 (2–5.5)b 12

aP < 0.05, bP < 0.01, cP < 0.001 regarding comparison of controls with Hb-mono mice at respective time points.
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nuclear-positive cells were considered activated and proliferat-
ing.

Immunohistochemistry was performed on Swiss-roll sections 
of colon from 3 GF and 3 Hb-mono mice 1 mpi. Tissues were 
stained for caspase III (rabbit monoclonal Asp175, clone 5A1E, 
Cell Signaling Technology, Danvers, MA), mucosal addressin 
cell adhesion molecule (MAdCAM ) lymph node addressin (rat 
monoclonal MECA79 from Santa Cruz Biotechnology), and 
MHC class II (rat monoclonal ab139365, Abcam, Cambridge, 
MA). Buffers, blocking reagents, secondary antibodies, and 
DAB chromagen were supplied by Biocare Medical (Concord, 
CA) and used with hematoxylin counterstain in a Varistain 24 
autostainer (Thermo Fisher Scientific, Waltham, MA).

Cell isolation, stimulation and flow cytometry. Single-cell 
suspensions were isolated from mesenteric lymph nodes, 
Peyer patches, and spleens by disassociating tissues through 

75-µm cell strainers (Thermo Fisher Scientific) as previously 
described.41 Mononuclear cells from intestinal lamina propria 
were isolated with RPMI 1640 solution containing collagenase 
(C2139, Sigma–Aldrich, St Louis, MO) after 3 to 5 incubations in 
EDTA-supplemented Hanks Balanced Salt Solution followed by 
filtering through 75-µm cell strainers. For B- and T-cell surface 
staining, single-cell suspensions were labeled with antimouse 
B220 (clone RA3-6B2, BioLegend, Dedham, MA) and antimouse 
CD4 (clone RM4-5, BioLegend) at 4 °C for 30 min with prede-
termined concentrations. Intracellular cytokine staining for 
IL17 (TC11-18H10.1, BioLegend) and IFNγ (XMG1.2) protein 
were performed after cell activation with phorbol 12-myristate 
13-acetate (50 ng/mL; Sigma–Aldrich) and ionomycin (1 μg/
mL) for 4 h at 37 °C in the presence of monensin (10 μg/mL). 
Cells isolated from various organs were stained for surface ex-
pression of CD4 (clone RM4-5; BioLegend) and CD44 (clone 

Figure 3. Hb-mono SW mice demonstrated significant expansion of GALT when assessed at 3, 6, 9, and 11–14 mo post Hb colonization (mpi). 
Representative sections of the cecum and ileocecal–colic junction at 9 mpi show (A) prominent lymphoid structures that morphologically are 
similar to (B) lymph nodes with follicular areas (left arrow) surrounding germinal centers (right arrow) in the cecum. (C) Note lymphatic en-
gorgement with mononuclear cells (arrow). (D) GALT was hypertrophied in the colon also. Magnification, 20× (A and D), 100× (B and C).
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IM7; BioLegend). After fixation and permeabilization, cells were 
stained for FoxP3 (clone FJK-16s, eBioscience, San Diego, CA) 
according to the manufacturer’s protocol. Absolute cell num-
bers for each flow cytometry marker were calculated as total 
cells analyzed multiplied by the percentage of cells positively 
stained. Stained cells were acquired by using an LSR Fortessa 
flow cytometer (BD Biosciences) and analyzed with FlowJo 10.1 
software (Tree Star, Ashland, OR).

mRNA expression levels. Tissues for RNA isolation were 
snap-frozen in liquid nitrogen and stored at −80 °C prior to 
processing. For relative mRNA quantitation of selected genes, 
total RNA from cecum and colon was prepared by using Trizol 
(Invitrogen, Carlsbad, CA) according to the manufacturer’s di-
rections. Total RNA (5 μg) from each sample was reverse-tran-
scribed to cDNA by using High-Capacity cDNA Archive kit 
(Applied Biosystems, Foster City, CA) according to manufac-
turer’s instructions. mRNA transcript levels of CXCL13, CCL21, 
LTβ, IFNγ, IL1β, IL17, and IL10 were measured through qPCR 
analysis using commercial primers and probes (TaqMan Gene 
Expression Assays) in the ABI Prism 7500 FAST Sequence De-
tection System (Life Technology, Foster City, CA). Transcript 
levels were normalized to endogenous control glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) mRNA and expressed as 
fold change compared with control mice according to the com-
parative Ct method (User Bulletin No. 2, Applied Biosystems).

H. bilis PCR and qPCR analysis. Total DNA from intestinal tis-
sues and fecal samples was prepared by using High Pure PCR 
Template Preparation Kit (Roche Diagnostics, Indianapolis, IN) 
and the QIAamp Fast DNA Stool Mini Kit (Qiagen, Valencia, 
CA) according to the suppliers’ protocols. qPCR assays were 
performed in the 7500 Fast Real-Time PCR System. Levels of 
Hb in cecal and colonic samples were measured by using the Hb 
16S rRNA gene-based primers and the fluorogenic probe previ-
ously described.5 PCR assays for Hb in liver samples harvested 

through 14 mpi were screened by standard PCR analysis as pre-
viously published.10

Statistical analysis. Hepatitis and GALT scores were compared 
by the nonparametric Kruskal–Wallis test followed by Dunn 
pairwise comparisons and Mann–Whitney nonparametric com-
parisons. GALT morphometry, flow cytometry, bacterial colo-
nization, and mRNA expression data were compared by using 
one-way ANOVA and unpaired Student t tests, with Welch cor-
rection for potentially unequal variances. Potential effects attrib-
uted to sex were determined by logistical regression by using 
Excel (Microsoft, Seattle, WA). Female mice were predisposed 
to hepatitis, but gastrointestinal assays were similar between 
males and females. The balance of statistical analysis was per-
formed by using Prism 5.0 (GraphPad Software, La Jolla, CA), 
with P values less than 0.05 considered significant.

Results
Portal hepatitis. We previously reported that chronic, active 

hepatitis was associated with Hb in aged outbred SW mice that 
were colonized with conventional microbiota.10 To demonstrate 
direct causation, GF SW mice were monoassociated with Hb 
and monitored for chronic hepatitis over 14 mpi. Hepatic le-
sions predominantly involved mononuclear cell infiltrates in 
the portal triad, particularly in older female mice at 13 to 14 mpi 
(Table 1, Figure 2 A). Scores for lobular and interface hepatitis 
were low and not significantly different between GF and Hb-
mono mice. No significant liver lesions were detected in mice 
younger than 9 mpi. Compared with GF control mice, Hb-mono 
mice aged 9 to 14 mpi showed some perivenular mononuclear 
cell aggregates in multiple liver lobes from 2 of 10 male mice 
and 8 of 15 female mice (Figure 2 B and C). Immunohistochem-
istry identified moderate numbers of B and T cells but minimal 
to no staining for biomarkers of activated TLT, as shown for 

Figure 4. Immunohistochemistry of serial sections of morphologically well-defined tertiary lymphoid tissues isolated from the ileocecal-colic 
junction for B220, CD3, and Ki67. Germfree controls (GF) (top row) and Hb-mono mice (bottom row). Staining patterns are representative of 3 
GF and 3 Hb-mono mice at 9 mpi.
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GALT tissues (see Results). These included cleaved intracellular 
caspase 3 as evidence of apoptosis, cell surface expression of 
MHC class II signifying antigen presentation and cell activation, 
and for HEV expressing addressin. Consistent with our prior 
observations of minor liver lesion scores, PCR analysis for Hb 
colonization of the liver was negative in a sampling of 25 mice 
even though feces and cecal tissues were qPCR-positive for Hb, 
with colonization levels approximating 106 to 107 cfu per µg host 
DNA. 

GALT hyperplasia. A standardized approach for scoring EHS-
mediated enterocolitis in mouse models 1 was used to perform 
histologic evaluation of the small intestine, cecum, and colon 
of control GF and Hb-mono SW mice (Table 2). Scores were 

assigned for inflammation, edema, and epithelial defects; other 
features such as crypt atrophy and epithelial hyperplasia and 
dysplasia were not observed. Because neither inflammatory in-
filtrates nor organized lymphoid tissue other than Peyer Patches 
developed in the small intestine of Hb-mono mice, only cecum 
and colon scores were combined into total scores. Hb-mono 
mice had higher scores for enterocolitis, primarily attributable 
to mild inflammation, compared with control GF mice at 3 and 
6 mpi. In addition, submucosal edema was greater in Hb-mono 
mice at 3 mpi, and epithelial defects were greater than GF con-
trols at 11 to 14 mpi. Enterocolitis over time was sufficiently 
mild that scores at 7 to 9 mpi and 11 to 14 mpi were similar 
between control GF and Hb-mono mice.

Figure 5. Flow cytometry measured (A and B) B220+ cells, (C) CD4+ cells, and (D) cytokines and chemokines in response to Hb colonization. Data 
represent the spleen (SP), mesenteric lymph nodes (MLN), small intestinal Peyer patches (PP), and the lamina propria (LP) of cecum and colon 
harvested from GF, Hb-mono, SPF, and Hb infected SPF mice in groups of 3 mice at 1 mpi. *, P < 0.05.
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GALT hyperplasia in the cecum and colon was first assessed at 
3 mpi. GALT scores for Hb-mono mice were higher than GF mice 
at each time point from 3 mpi through 11 to 14 mpi; scores for 
Hb-mono mice peaked at 6 mpi and remained elevated through 
11 to 14 mpi. Hb-mono mice developed a range of ectopic lym-
phogenesis in the lamina propria of the cecum and colon, vary-
ing from cryptopatches of mononuclear cells to larger, isolated 
lymphoid follicles, some of which were macroscopically visible 
and characteristic of TLT, with lymph node architecture (Figure 3 

A and B). GF control tissues contained small, scattered lymphoid 
aggregates but lacked evidence of organized lymphoid tissues re-
sembling TLT. The ileocecal–colic junction and colon in Hb-mono 
mice had mature follicles with well-demarcated GC (Figure 3 B). 
No mice had high GALT scores characteristic of lymphoma of 
mucosa-associated lymphoid tissue. Ectatic (engorged) lymphat-
ics in the lamina propria contained mononuclear cells trafficking 
to the organized lymphoid structures (Figure 3 C). GALT expan-
sion was most prominent at the ileocecal-colic junction (Figure 

Table 3. Numbers (×106; mean ± SE) of B220+ and CD4+ cells harvested from GALT of GF controls, Hb-mono (Hb), SPF, and Hb-infected SPF 
Swiss Webster mice at 1 mpi

GF Hb SPF Hb SPF

B220+ cells
Spleen 13.35 ± 3.40 14.75 ± 3.02 3.24 ± 1.37 2.47 ± 1.38
MLN 3.07 ± 0.67 3.77 ± 0.77 0.30 ± 0.07 0.68 ± 0.19
Peyer patches 2.13 ± 0.66 0.86 ± 0.11 4.15 ± 0.66 3.02 ± 1.02
Cecum 0.48 ± 0.12 3.78 ± 0.87* 1.11 ± 0.16 2.58 ± 0.64
Colon 0.80 ± 0.37 3.95 ± 1.36 1.03 ± 0.15 0.97 ± 0.21

CD4+ cells
Spleen 6.65 ± 1.05 6.66 ± 0.97 5.22 ± 0.78 5.07 ± 1.07
MLN 4.30 ± 0.53 6.89 ± 0.29 2.73 ± 1.36 3.89 ± 0.41
Peyer patches 0.17 ± 0.06 0.05 ± 0.01 0.69 ± 0.20 0.72 ± 0.31
Cecum 0.17 ± 0.02 0.79 ± 0.26 0.29 ± 0.15 1.03 ± 0.30
Colon 0.43 ± 0.24 1.37 ± 0.70 0.30 ± 0.51 0.41 ± 0.07

Data support Figure 5. n = 3 per group.
aP < 0.05 regarding comparison of control GF and SPF mice with Hb-mono and Hb-infected SPF mice, respectively.

Figure 6. Numbers and areas (mean ± SE) of lymphoid aggregates and germinal centers (GC) measured by morphometry of colon sections at 10 
mpi. GF, n = 6; Hb-mono, n = 10; SPF, n = 6; and Hb-infected SPF, n = 5. *, P < 0.05; †, P < 0.01; ‡, P < 0.001.
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3 D), the preferred niche for Hb colonization. Hb-specific qPCR 
analysis demonstrated a mean of 106 Hb copies per µg of host 
DNA at the ileocecal–colic junction in 4 female and 4 male 
Hb-mono mice necropsied at 6 mpi. Hb copy number was 1 log 
lower in the colon and several logs lower in the small intestine.

Immunohistochemistry of TLT in sections of the ileocecal–
colic junction of GF mice had moderate staining intensity for 
the pan-B cell marker B220+, T cell CD3+, and the cell prolifera-
tion marker Ki67 (Figure 4). Similar tissue sections of TLT from 
Hb-mono mice had well-defined lymphoid aggregates and fol-
licles characteristic of TLT at the ileocecal–colic junction and 
stained intensely for B220 and Ki67. Small numbers of para-
follicular CD3+ cells surrounded these B220+-enriched follicles 
and these CD3+ cells had less intense staining for Ki67. F4/80+ 
macrophages and neutrophils were not observed in significant 
numbers in sections from either GF or Hb-mono mice.

Expanded GALT with morphologically well-developed GC 
in Hb-mono mice was further documented and expanded in ad-
ditional experiments that used an earlier time point (1 mpi) for 
phenotyping cell types and associated cytokines and chemokines. 
Preliminary measurements of select mRNA expression levels and 
flow cytometry phenotyping on single-cell suspensions from the 
spleen, mesenteric lymph nodes, small-intestinal Peyer patches, 
and the lamina propria of the cecum and colon were performed. 
Compared with GF mice, Hb-mono mice showed significant 
increases in the percentage and absolute number of B220+ cells 
in the lamina propria of the cecum, with a similar trend for in-
creased B220+ cells in the colon (Figure 5 A, Table 3). As a gauge 
of early humoral immunity, the percentage of mononuclear cells 

double-positive for B220+ and IgM+ in cecum increased from 
16.8% in GF to 26.4% in Hb-mono mice and in colon from 12.8% 
in GF to 33.3% in Hb-mono mice (Figure 5 B). Although the abso-
lute number of CD4+ cells trended higher in the mesenteric lymph 
nodes (MLN), cecum, and colon of Hb-mono and Hb-infected 
SPF mice (Table 3), the CD4+ cell percentage of total cells did not 
significantly differ between GF, Hb-mono, SPF, and Hb-infected 
SPF mice (Figure 5 C). mRNA expression levels for CXCL13, IL17, 
and IL1β were significantly higher in the cecum of Hb-mono mice 
and accompanied a trend for increased expression of IFNγ mRNA 
(Figure 5 D). No significant changes in these markers were de-
tected in Hb-infected SPF mice (Figure 5).

In the third experiment, GALT hyperplasia persisted in Hb-
mono mice at 10 mpi, as noted in a prior 14-mo experiment 
There was a persistent increase in the number and area of lym-
phoid aggregates and GC attributable to Hb (Figure 6). The 
Hb-infected SPF mice at 10 mpi did not have significant GALT 
hyperplasia, confirming the utility of the Hb-mono gnotobiotic 
model to study the effects of Hb on GALT.

GC in the cecum and colon. Differentiation and activation 
of GC were estimated first by morphometric assessment of the 
lymphoid aggregates in cecum and colon that had well-defined 
GC (Figure 7). Hb significantly increased the number and area 
of lymphoid aggregates and GC in Hb-mono mice. Immuno-
histochemistry and staining with hematoxylin and eosin were 
used to confirm that hyperplastic GALT had features of TLT, 
including apoptotic cells, tingible body macrophages, HEV, and 
ectatic lymphatics, as used by others.3,4,6,7,21-23,29 Sections from the 
ileocecal-colic junction were stained for cleaved caspase 3 as a 

Figure 7. Numbers and area (mean ± SE) of lymphoid aggregates and germinal centers (GC) measured by morphometry in colon sections at 1 
mpi. GF, n = 10; Hb-mono, n = 10; SPF, n = 3; Hb-infected SPF, n = 3. *, P < 0.05; †, P < 0.01; ‡, P < 0.001.
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Figure 8. Percentage (mean ± SE) of lymphoid aggregates in cecum and colon that developed germinal centers (GC) by 1 mpi and the percent-
ages of aggregates with apoptosis, tingible body macrophages (TBM), and high endothelial venules (HEV). GF, n = 10; Hb-mono, n = 10; SPF, 
n = 3; Hb-infected SPF, n = 3. *, P < 0.05; †, P < 0.01; ‡, P < 0.001.

marker for the apoptotic signaling pathway, MHC class II for 
antigen presentation, and MECA79 for endothelial staining of 
HEV.

Hb monoassociation significantly increased the percent-
age of lymphoid aggregates in the cecum and colon, with 
enhanced immune activation as defined by increased num-
bers of apoptotic cells, tingible body macrophages, and HEV 
(Figure 8). Ectatic lymphatics are evidence of increased lym-
phocyte traffic; the percentages (mean ± SE) of these in the 
cecum and colon were highest in Hb-mono mice (21% ± 5%). 
In contrast, GF mice had low numbers of ectatic lymphatics 
(8% ± 3%); P < 0.04), which were similar in Hb-infected SPF 
mice (10% ± 10%; Figure 8).

Compared with control GF SW mice (Figure 9 A), hematoxy-
lin and eosin staining demonstrated that GALT hyperplasia was 
most dramatic for Hb-mono mice (Figure 9 B). GALT from GF 
mice did not stain for cleaved caspase 3 (Figure 9 C) and stained 
only modestly for MHC class II (Figure 8 E) and MECA79 (Fig-
ure 9 G). The numbers of cells stained with cleaved caspase 3, 
MHC class II, and MECA79 were all greater in Hb mice (Figure 
9 D, F, and H). Notably, mononuclear cells migrating through 
the ectatic lymphatics of Hb-mono mice had high expression of 
MHC class II antigens.

At 10 mpi, experimental groups included GF, Hb-mono, 
SPF, and Hb-infected SPF mice. The percentages of lymphoid 

aggregates in the cecum and colon that had morphologically well-
defined GC remained higher in Hb-mono mice compared with 
the relative absence of lymphoid aggregates and GC in GF and 
SPF mice with or without Hb colonization (Figure 10). The GALT-
stimulating features of Hb were less intense compared with those 
observed at 1 mpi (Figure 8), but the increases in lymphoid ag-
gregate number and area and in the number and total GC area 
were similar. At 10 mpi, the percentage of aggregates with well-
differentiated and activated GC was approximately 33% to 50% 
lower in Hb-mono mice compared with the same group at 1 mpi. 
The percentage (mean ± SE) of lymphoid aggregates in the cecum 
and colon with ectatic lymphatics continued to be highest in 
Hb-mono mice (16% ± 6%) compared with GF mice (2% ± 2%;  
P < 0.04), which were equivalent to SPF mice (6% ± 6%). No en-
gorged lymphatics were observed in Hb-infected SPF mice.

Cells involved in GALT hyperplasia. Flow phenotyping of 
single-cell suspensions from MLN, small intestine, cecum, and 
colon measured Hb promotion of B220+CD4+ cells and subsets 
of CD4+ cells that were IL17+, IFNγ+, and FoxP3+ (Figure 11).

At 1 mpi, Hb did not alter B220+ cell numbers in MLN. B220+ 
cell numbers increased in the SI of Hb-mono mice. Similarly, 
CD4+ counts trended higher in small intestine with Hb coloniza-
tion. Hb increased B220+ cells in the lower bowel approximately 
5-fold compared with lower increases in CD4+ cells.
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Figure 9. Representative colon sections from GF and Hb-mono SW mice at 1 mpi. (A) Rare GALT in GF mice, with absence of GC. (B) Increased 
number and size of germinal centers in Hb-mono mice (bar, 100 µm). (C and D) Increased staining for cleaved caspase 3 in Hb-mono compared 
with GF mice (bar, 50 µm). Increased staining for (E and F) MHC class II and (G and H) MECA79 (MAdCAM) in endothelial cells of Hb com-
pared with GF mice. Hematoxylin and eosin staining (H&E) or immunohistochemistry.

Although total CD4+ cell counts in MLN did not change in 
Hb-colonized mice, Hb promoted the subset of CD4+IL17+ cells 
in MLN. The CD4+IL17+ counts in the small intestine of Hb-col-
onized mice trended higher but became significant in the cecum 
and colon, in which Hb increased CD4+IL17+ counts to a similar 
extent in both tissues. MLN from all groups of mice had simi-
larly low CD4+IFNγ+ cell counts. Hb monoassociation promoted 
these cells in the small intestine. Hb significantly increased the 
numbers of CD4+IFNγ+ cells in cecum and colon. CD4+FoxP3+ 
cell counts in MLN did not vary, although all Hb-mono mice 
had more of these regulatory T cells in small intestine and ce-
cum than other groups.

The 10-mpi time point included evaluation of the same cell 
subsets from GF and Hb-mono mice. Persistence of B220+ cell 
expansion in response to Hb monoassociation was observed 
at 10 mpi in cecum with approximately 5-fold higher levels 
than GF controls (Table 4). CD4+ cells were slightly increased in 
small intestine and were 5-fold higher in the cecum of Hb-mono 
mice. Hb increased the number of CD4+IL17+ in the cecum and 

CD4+IFNγ+ and CD4+FoxP3+ regulatory T cells in the lamina 
propria of small intestine, cecum, and colon, consistent with 
similar changes observed at 1 mpi (Table 4).

mRNA expression of chemokines and cytokines important for 
limiting enterocolitis and supporting GALT hyperplasia. mRNA 
was isolated from spleen, MLN, cecum, and colon for measuring 
expression levels of CXCL13, CCL21, LTβ, IFNγ, IL17, and IL10 at 
1 and 10 mpi. Hb colonization was associated with lower CXCL13 
transcription levels in spleen (Figure 12) but with higher CXCL13 
transcription in cecum and colon. CCL21 mRNA levels were in-
creased by Hb colonization in the spleen and colon. LTβ expres-
sion levels were lower in spleen and MLN but higher in cecum 
and colon from mice infected by Hb. Hb significantly stimulated 
IFNγ mRNA expression in the cecum but not the colon. Hb in-
creased expression of IL17 mRNA in MLN and colon. IL10 ex-
pression was markedly enhanced in cecum and colon by Hb.

The patterns of Hb-enhancing mRNA expression at 1 mpi per-
sisted through 10 mpi (Figure 13), with the exception of CCL21, 
which was unchanged. Hb monoassociation significantly 
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increased CXCL13, LTβ, IFNγ, IL17 and IL10 in either the cecum 
and / or colon. Hb also had a significant promotion of IL17 in 
the spleen.

Discussion
Helicobacter hepaticus–associated chronic active hepatitis has 

been described in aged, inbred mice (predominantly males).12,42 
Our current study confirmed that Hb-induced hepatitis can de-
velop in aged outbred SW mice. Lesions were noted predomi-
nately in female mice, a signalment consistent with our previous 
report in conventional SW mice.10 Before hepatitis developed, 
young adult Hb-mono mice of both sexes developed low-grade 
enterocolitis accompanied by progressive GALT hyperplasia 
that persisted essentially for the animal’s life. Hb stimulated 
TLT neogenesis with lymph node architecture in cecum and 
colon, along with significant GC activation. Hb had both anti- 
and proinflammatory effects on GALT. Hb induced primarily an 
antiinflammatory tissue environment attributable to increased 
CD4+FoxP3+ regulatory T cells and enhanced IL10 mRNA ex-
pression, thus contrasting with the typical notion of Hb as a 
pathogen in immunocompromised mice. To our knowledge, 
neither GALT hyperplasia in the lower bowel nor development 

of TLT attributable to infection with murine EHS in outbred 
SW mice has been reported previously. Outbred SW mice are 
not commonly used in research in infectious diseases and im-
munology, and necropsy evaluation is often less comprehensive 
compared with inbred mice and may account for occult hepa-
titis or other effects of EHS infection such as GALT hyperplasia 
being overlooked.

Koch postulates were successfully achieved, given that Hb 
monoassociation caused chronic portal hepatitis in outbred SW 
mice. Clearly the gnotobiotic model demonstrates definitive 
causation from Hb infection rather than the simple association 
that can be achieved when studied in conventional mice with a 
complex microbiota. In our study, the portal lesions were mild 
and not observed in all mice, consistent with the historical resis-
tance of outbred mice to EHS-mediated hepatitis. Hb induction 
of elevated IL10 mRNA expression and increased numbers of 
CD4+FoxP3+ regulatory cells in the lower bowel may impart 
a decreased ‘off-shore’ inflammatory effect in the liver. As we 
previously reported in conventional mice,10 liver lesions devel-
oped primarily in aged, female Hb-mono mice. Further studies 
to define the sex-associated bias are needed. Portal hepatitis 
could not be definitively associated with active Hb liver infec-
tion at the time of necropsy, consistent with prior clearance. 

Figure 10. Percentages (mean ± SE) of lymphoid aggregates in the cecum and colon at 10 mpi that developed well-defined germinal centers, 
apoptosis, tingible body macrophages (TBM), and high endothelial venules (HEV) in GF (n = 7), Hb-mono (n = 10), SPF (n = 9), or Hb-infected 
SPF (n = 5) mice. *, P < 0.05; †, P < 0.01; ‡, P < 0.001..
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Scattered periportal vascular lesions of mononuclear cell ac-
cumulation suggested these lesions resulted from seeding the 
liver with Hb or associated antigens from the portal circulation. 
Although subclinical, the increased epithelial defects observed 
in older Hb-colonized mice could be associated with changes 
in intestinal barrier function and permit antigen showering of 
the liver.2 Perivenular lymphoid aggregates were suggestive 
of TLT in the liver, as has previously been reported in male A/
JCr mice infected with a novel EHS37 later identified as H. mag-
deburgensis.40 Immunohistochemistry for TLT did not confirm 
immune activation in these perivenular lymphoid aggregates, in 
contrast to the robust TLT demonstrated in GALT of the lower 
bowel. Other markers of TLT may prove useful in future studies 
of EHS-mediated liver lesions.

By repeating the 1-mpi evaluation with larger numbers of 
mice, we found that Hb stimulated increased numbers and 
the total area of lymphoid aggregates with large GC defined 
as those with apoptotic cells, tingible body macrophages, 
HEV, and ectatic lymphatics. Because tingible body macro-
phages are macrophages that have ingested apoptotic cells, 
their numbers should increase along with increased apoptosis. 
HEV increased in Hb-colonized mice may have been due to 

increased demand for tissue perfusion, consistent with GALT 
hyperplasia, or inflammation, consistent with mild enterocoli-
tis. Additional evidence for GC activation included increased 
immunohistochemistry staining for apoptosis (cleaved cas-
pase 3), antigen presentation (MHC class II), and MECA79 
(MAdCAM), thus supporting increased trafficking of lympho-
cytes through the endothelium in TLT. Ectatic lymphatics were 
likewise evidence of increased lymphocyte traffic and were 
increased in Hb-colonized mice, supporting GC activation by 
Hb.

The regulatory milieu that developed in response to Hb had 
an antiinflammatory effect. In another study, the antiinflamma-
tory activity of Hb was indicated by its amelioration of inflam-
matory sequela in the H. pylori gastritis model in C57BL/6 mice; 
in that case, Hb converted the anticipated H. pylori-associated 
Th1 cytokine responses into a more antiinflammatory Th2-like 
response.24 However, Hb also stimulated IL17 expression in our 
gnotobiotic model, consistent with reports that Hb promoted 
inflammatory lesions in an otherwise clinically silent, low-dose 
dodecyl sodium sulfate colitis model in immunocompetent 
mice14 and in various colitis models in immune-dysregulated 
mice.43 Proinflammatory effects of Hb and other EHS have been 
shown to be dependent on colonization with other microbiota 
in a colitis model using Hb-infected C3H/HeN mice20 and in 
gnotobiotic B6IL10−/− mice that developed colitis only when H. 
hepaticus was cocolonized with L. reuteri.45

Hb stimulated enterocolitis that resulted in CXCL13-mediated 
B220+ cell recruitment and, secondarily, CCL21-mediated T-cell 
chemotaxis to the cecum, with a similar trend in the colon. Other 
chemokines and cytokines induced by Hb promoted dendritic 
cell and stromal organization into TLT, resembling lymph node 
architecture. mRNA levels for LTβ, which promotes GC forma-
tion, were significantly increased in response to Hb. In addition, 
Hb monoassociation upregulated IFNγ and IL17 expression. Im-
portantly, Hb induced a significant homeostatic response evi-
dent as elevated IL10 mRNA expression and increased numbers 
of CD4+FoxP3+ regulatory cells. mRNA expression levels for 
IL10, which suppresses colitis in mouse models of inflammatory 
bowel disease,33 were persistently upregulated in cecal tissue 
and colon at 1 and 10 mpi in Hb-mono mice.

Numbers of CD4+IL17+ in Hb-colonized mice and CD4+ IFNγ+ 
cells in the small intestine of Hb mice were not significantly in-
creased; however, a statistical trend toward an increase was evi-
dent. Because Hb promoted differentiation of CD4+IL17+ cells, it 
could potentially be used to model IL17 pathophysiology. Some 
effects were tissue-dependent, with Hb colonizing in highest 
levels at the ileocecal–colic junction. Furthermore, the results 
indicate that the effects on GALT extended beyond the natural 
colonization niche of Hb. The increases in CD4+IL17+ subpopu-
lations isolated from the MLN of Hb-colonized mice support 
the value of evaluating secondary lymphoid tissues that reflect 
lymphocyte trafficking.15

In summary, our findings suggest that Hb, which is consid-
ered a commensal in most immunocompetent mice, can be an 
opportunistic pathogen in select strains and stocks. The immu-
nomodulatory effects suggest Hb should be considered a ‘patho-
symbiont provocateur’—that is, a member of the microbiome 
that can be clinically silent but has the potential to exacerbate 
or reduce inflammatory responses to gastrointestinal disease in 
mice and potentially humans. The current study suggests that 
GALT-associated TLT may be induction sites through which 
Hb suppresses inflammation via IL10 and regulatory T cells, 
consistent with a previous report on H. hepaticus.47 Cocoloniza-
tion of Hb with other microbiota may favor proinflammatory 

Table 4. Numbers (mean ± SE) of B220+, CD4+, CD4+IL17+, 
CD4+IFNγ+, and CD4+FoxP3+ cells harvested from GALT of GF con-
trols and Hb-mono SW mice at 10 mpi

GF Hb

B220+ (×106)
Spleen 3.39 ± 0.51 4.25 ± 0.58
MLN 1.59 ± 0.39 1.99 ± 0.41
SI 0.11 ± 0.01 0.24 ± 0.05
Cecum 0.07 ± 0.01 0.43 ± 0.04c

Colon 0.16 ± 0.02 0.20 ± 0.02

CD4+IFNγ+ (×103)
Spleen 151.9 ± 18.6 149.1 ± 22.8
MLN 58.9 ± 25.4 76.5 ± 23.9

SI 1.53 ± 0.21 2.38 ± 0.49a

Cecum 1.03 ± 0.17 6.87 ± 1.80a

Colon 1.88 ± 0.63 8.76 ± 3.77a

CD4+ (×106)
Spleen 2.23 ± 0.25 2.26 ± 0.19
MLN 1.57 ± 0.26 2.13 ± 0.27
SI 0.06 ± 0.01 0.09 ± 0.01a

Cecum 0.02 ± 0.01 0.10 ± 0.02a

Colon 0.01 ± 0.00 0.04 ± 0.01

CD4+FoxP3+ (×103)
Spleen 590.5 ± 103 641.4 ± 61.3
MLN 340.9 ± 116 410.2 ± 81.9
SI 2.81 ± 0.89 11.47 ± 4.83b

Cecum 10.18 ± 3.08 21.86 ± 2.36a

Colon 8.68 ± 3.44 28.36 ± 4.78a

CD4+IL17+ (×103)
Spleen 2.00 ± 0.38 0.94 ± 0.22
MLN 3.25 ± 1.38 3.25 ± 0.53
SI 2.23 ± 0.74 2.22 ± 0.37
Cecum 0.57 ± 0.18 5.63 ± 1.66a

Colon 0.96 ± 0.47 3.31 ± 1.78

GF, n = 4; Hb, n = 7.
aP < 0.05, bP < 0.01, cP < 0.001 regarding comparison of Hb-mono mice 
with control GF mice.
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Figure 11. Absolute numbers (mean ± SE) for B220+, CD4+, CD4+IL17+, CD4+IFNγ+, and CD4+FoxP3+ cells in mesenteric lymph node (MLN) and 
lamina propria cells isolated from small intestine (SI), cecum, and colon of GF and Hb-mono mice at 1 mpi. n = 3–12 per group). *, P < 0.05; †,  
P < 0.01; ‡, P < 0.001.
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Figure 12. mRNA levels (mean ± 1 SD) of chemokines and cytokines at 1 mpi in spleen, mesenteric lymph node (MLN), cecum and colon in GF 
and gnotobiotic SW mice colonized with Hb (n = 8–12 per group). *, P < 0.05; †, P < 0.01; ‡, P < 0.001; NS, not significant.
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Figure 13. Cytokine and chemokine responses (mean ± SE) in GF and Hb-mono SW mice 10 mpi. n = 6–10 per group. *, P < 0.05; †, P < 0.01; ‡, 
P < 0.001.

responses in response to Hb infection, as we reported previ-
ously.44 Continued study of Hb in gnotobiotic mice will po-
tentially provide in-depth mechanistic data on Hb’s effects on 
GALT development that can perhaps be applied to other mouse 
models of Hb-associated human disease.
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