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SUMMARY

We characterized stomach-specific macrophage populations
and elucidated the importance of histamine in macrophage
phagocytic activity for maintaining gastric homeostasis.
Histamine deficiency results in hypertrophic gastropathy of
the stomach, which is caused by abnormally differentiated
macrophages.

BACKGROUND & AIMS: Histamine in the stomach traditionally
is considered to regulate acid secretion but also has been re-
ported to participate in macrophage differentiation, which
plays an important role in tissue homeostasis. Therefore, this
study aimed to uncover the precise role of histamine in medi-
ating macrophage differentiation and in maintaining stomach
homeostasis.

METHODS: Here, we expand on this role using histidine
decarboxylase knockout (Hdc-/-) mice with hypertrophic gas-
tropathy. In-depth in vivo studies were performed in Hdc-/-
mice, germ-free Hdc-/- mice, and bone-marrow–transplanted
Hdc-/- mice. The stomach macrophage populations and function
were characterized by flow cytometry. To identify stomach
macrophages and find the new macrophage population, we
performed single-cell RNA sequencing analysis on Hdcþ/þ and
Hdc-/- stomach tissues.

RESULTS: Single-cell RNA sequencing and flow cytometry of
the stomach cells of Hdc-/- mice showed alterations in the ratios
of 3 distinct tissue macrophage populations (F4/80þIl1bhigh,
F4/80þCD93þ, and F4/80-MHC class IIhighCD74high). Tissue
macrophages of the stomachs of Hdc-/- mice showed impaired
phagocytic activity, increasing the bacterial burden of the
stomach and attenuating hypertrophic gastropathy in germ-free
Hdc-/- mice. The transplantation of bone marrow cells of Hdcþ/þ

mice to Hdc-/- mice recovered the normal differentiation of
stomach macrophages and relieved the hypertrophic gastro-
pathy of Hdc-/- mice.

CONCLUSIONS: This study showed the importance of histamine
signaling in tissue macrophage differentiation and maintenance
of gastric homeostasis through the suppression of bacterial
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overgrowth in the stomach. (Cell Mol Gastroenterol Hepatol
2023;15:213–236; https://doi.org/10.1016/j.jcmgh.2022.09.008)
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Hallergic responses and gastric acid production.
Histamine also is involved closely in the regulation of im-
mune responses. Endogenous histamine is produced via the
conversion of L-histidine to histamine, which is catalyzed by
histidine decarboxylase (HDC).1 Mast cells generally are
considered the major source of histamine.2,3 Interestingly, in
mast cell–deficient mice, even though the gastric histamine
content is reduced by half, the intragastric pH, gastrin level,
and gastric morphology are normal at 12 months of age. In
contrast, the gastric mucosa of HDC-deficient mice shows
mucosal hyperplasia in the oxyntic glandular base region
with increased numbers of enterochromaffin-like cells and
parietal cells,4 and altered differentiation of the chief cell
lineage,5 suggesting the importance of non–mast-cell–origi-
nated histamine and histamine-mediated signaling in the
maintenance of gastric homeostasis. However, the mecha-
nism underlying the hypertrophic gastropathy of HDC-
deficient mice is not fully explained.

Previous studies on HDC-deficient mice have shown that
the histamine signal is important for the differentiation of
myeloid cells. HDC deficiency led to the accumulation of
CD11bþLy6Gþ immature myeloid cells,6 and inhibited CD8þ

T-cell proliferation.7 The histamine signal also promotes the
differentiation of macrophages8,9 and monocyte-derived
dendritic cells.10 Furthermore, the H2-receptor–mediated
signal was shown to be pivotal for the maintenance of
myeloid-biased hematopoietic stem cells11 and the differ-
entiation of human monocyte-derived M1 macrophages,12

suggesting a potential role of disrupted histamine
signaling–mediated immunologic disorders in the develop-
ment of hypertrophic gastropathy in HDC-deficient mice.

Macrophages play a pivotal role in the tissue repair and
maintenance of tissue homeostasis by eliminating foreign
antigens.13,14 In the intestinal tract, tissue macrophages
defend the intestinal barrier, a primary site of microor-
ganism contact, through bacterial sampling at the luminal
region, tissue remodeling, and elimination of penetrating
bacteria. Furthermore, macrophages are important for the
balance of the intestinal microbiome by suppressing bacte-
rial overgrowth.15 Of note, bacterial overgrowth in the
stomach was found to induce chronic gastritis in mice.16

However, the role of macrophages in hypertrophic gastro-
pathy is not well understood. Moreover, tissue macrophages
of the stomach have not yet been fully characterized, high-
lighting the urgent need for detailed studies on this topic.

Here, we show that histamine deficiency leads to
impairment in tissue macrophage differentiation, which re-
sults in the emergence of a distinct immature macrophage
population with disrupted phagocytic activity. Consistently,
Hdc-/- mice showed uncontrolled bacterial overgrowth,
which might have contributed to the development of
hypertrophic gastropathy, at least in part. Collectively, this
study highlights the importance of histamine signaling in the
differentiation of tissue macrophages for the regulation of
bacterial overgrowth and the maintenance of gastric
homeostasis.
Results
Spontaneous Hypertrophic Gastropathy of Hdc-/-

Mice
In line with previous reports,4,5,17 the stomach fundic

mucosal gland was remarkably thickened in Hdc-/- mice at 2
months after birth, and cyst structures were detected at the
basal region in 5-month-old and 1-year-old Hdc-/- mice
(Figure 1A and B). The size of HþKþ–adenosine
triphosphataseþ parietal cells was decreased in Hdc-/- mice
compared with those of Hdcþ/þ mice (Figure 1C). Ki67þ

proliferating cells normally localized in the isthmus region18

were observed at increased numbers in the basal region of
Hdc-/- mice (Figure 1D). Furthermore, inflammatory re-
actions were observed in the stomachs of 1-year-old Hdc-/-

mice (Figure 1A) along with CD3þ T-cell infiltration
(Figure 1E). Immunofluorescence showed increased
numbers of GSII (griffonia simplicifolia-II)þGIF (gastric
intrinsic factor)þ cells,19 a marker of spasmolytic
polypeptide-expressing metaplasia, in the stomachs of 1-
year-old Hdc-/- mice (12% vs 2%) (Figure 1F). CD44v9þ

cells alsowere detected in the stomachs of 1.5-year-oldHdc-/-

mice (Figure 1G), which emerge in various types of
metaplasia.20

To uncover the mechanism underlying the hypertrophic
gastropathy of Hdc-/- mice, we performed a whole-transcript
expression array using the stomach tissues of 1-year-old
Hdcþ/þ and Hdc-/- mice. HALLMARK database analysis
revealed the upregulation of inflammation- and
tumorigenesis-related signaling pathways in the stomachs
of 1-year-old Hdc-/- mice (Figure 2A). CIBERSORT analysis
showed that the number of macrophages increased signifi-
cantly in the stomachs of Hdc-/- mice (Figure 2B).21
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Quantitative polymerase chain reaction (qPCR) analysis
showed a significant increase in the levels of proin-
flammatory genes that may be related with macrophage
differentiation in the 1-year-old Hdc-/- mouse stomach
compared with those in the stomachs of Hdcþ/þ mice
(Figure 2C), suggesting a role of macrophages in hypertro-
phic gastropathy and chronic inflammation of the stomach
in Hdc-/- mice.

Abnormally Differentiated Macrophages
Accumulate in the Hdc-/- Mouse Stomach

To confirm the accumulation of macrophages in the
stomachs of Hdc-/- mice, the histology of the stomach tissues
was examined. A previous report showed that CD163þF4/
80þ macrophages were increased significantly in the L635-
induced gastric metaplasia model.22 However, immunofluo-
rescence staining failed to show any significant difference in
CD163þ macrophages in the stomachs of Hdcþ/þ mice
comparedwith those ofHdc-/-mice (Figure 3A andB). Of note,
CD163-F4/80þ macrophages massively infiltrated the stom-
achs ofHdc-/-mice (Figure 3A and C). Furthermore, Ki67þF4/
80þ proliferatingmacrophageswere detected in 5-month-old
and 1-year-old Hdc-/- mouse stomachs (Figure 3D).

Blockade of the histamine signal can impair myeloid
maturation.6 We investigated the changes in the population
of stomach tissue macrophages using flow cytometry. At 4
weeks, the number of CD11bþF4/80þ stomach macro-
phages was reduced in Hdc-/- mice, which was reversed at 1
year, likely owing to chronic inflammation. We further
found that the number of CD11bþF4/80– cells dramatically
increased in the stomach tissue of the 1-year-old Hdc-/- mice
(Figure 3E). Both the size (FSA) and granularity (SSC) of
CD45þCD11bþF4/80þ macrophages in the stomach were
lower in 4-week-old Hdc-/- mice compared with those of
Hdcþ/þ mice (Figure 3F), showing that the histamine defi-
ciency may have affected the differentiation of stomach
macrophages.

Histamine-Mediated Macrophage Differentiation
Is Important for Phagocytic Function and
Prevention of Stomach Dysbiosis

A previous study showed that histamine-H4-
receptor–mediated signaling induces phagocytic activity in
murine bone marrow–derived macrophages and RAW 264.7
cells.23 Therefore, to confirm whether the phagocytic ac-
tivity of stomach macrophages was altered in Hdc-/- mice,
we performed a microbead-based phagocytosis assay.
Stomach macrophages of Hdc-/- mice showed significantly
impaired phagocytic activity compared with that of Hdcþ/þ

mice; 1–6 beads containing CD11bþ cells were decreased
significantly in Hdc-/- mice relative to those of Hdcþ/þ mice,
and most of the Hdc-/- CD11bþ cells were negative for
phycoerythrin (PE)-stained beads (Figure 4A and B).
Because the phagocytotic activity of macrophages helps to
control microbiota growth in the intestine,24 we hypothe-
sized that bacteria-suppressing activity might have been
disrupted in the Hdc-/- stomach, which may have contrib-
uted to the development of chronic inflammation. Anaerobic
culture of stomach tissues on blood agar showed no dif-
ferences in the microbial colony-forming unit (CFU) count
between Hdcþ/þ and Hdc-/- mice at 4 weeks, whereas the
CFU counts dramatically increased at in the stomachs of 1-
year-old Hdc-/- mice compared with those of Hdcþ/þ mice
(Figure 4C). Similar results were obtained with tissue cul-
tures on aerobic Luria–Bertani agar or brain heart infusion
agar (Figure 4D). 16s Ribosomal RNA sequencing to identify
the composition of microbiota showed that histamine defi-
ciency altered the stomach microbiome extensively
(Figure 4E–H).

To explore whether the impaired gastric acid secretion
by parietal cells, which rely on histamine signaling,25 led to
the increased bacterial growth in the stomachs of Hdc-/-

mice, we eliminated the gut microbiota using an antibiotic
cocktail and then the mice were orally administered the
microbiota obtained from the stomach tissue of wild-type
mice, with the stomach pH maintained in an acidic state
for 30 days by supplying acidified drinking water26

(Figure 5A). The cecum was enlarged in the antibiotic-
treated group compared with that of the distilled
water–treated group (Figure 5B). The total stomach bacte-
rial CFU also decreased significantly in the antibiotic-treated
Hdcþ/þ and Hdc-/- groups compared with those of the cor-
responding distilled water–treated controls (Figure 5C and
D). After reconstitution of the microbiota with acidified
water supplied for 30 days, the cecum returned to a normal
size in all groups (Figure 5E), and the acidified water
significantly lowered the stomach pH of the Hdc-/- group to
reach the same level as that in Hdcþ/þ mice (Figure 5F).
Importantly, increased bacterial growth in the Hdc-/- mouse
stomach only partially was suppressed by the acidified
water (Figure 5G), implying that reduced gastric acid
secretion cannot fully explain the bacterial overgrowth and
hypertrophic gastropathy of Hdc-/- mice.

To further investigate whether the stomach dysbiosis
was the major cause of hypertrophic gastropathy, we
generated germ-free (GF) Hdc-/- mice (Figure 6A and B). Of
note, the stomach of 1-year-old GF-Hdc-/- mice did not show
the abnormally increased fundic mucosal glands
(Figure 6C), chronic inflammation, or mucosal tissue pro-
liferation, as determined by significantly decreased CD3þ

cells (Figure 6D) and Ki67þ proliferating cells (Figure 6E),
respectively, compared with those of specific pathogen-free
(SPF) Hdc-/- mice, indicating that impaired macrophage
activity–mediated dysbiosis of the stomach is responsible
for hypertrophic gastropathy.
Histamine-Mediated Mitogen-Activated Protein
Kinase Signaling Is Required for Macrophage
Differentiation at the Bone Marrow Stage

Histamine is important for macrophage differentiation
during bone marrow (BM) stages.11 The phagocytic activity
of bone marrow–derived macrophages (BMDMs) of Hdc-/-

mice was restored by histamine treatment, whereas that of
peritoneal macrophages did not recover (Figure 7A and B).
In addition, inhibition of histamine-activated pathways with
4-bromo-3-hydroxybenzoic acid27 resulted in impairment of
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the phagocytic function of BMDMs (Figure 7C). Further
highlighting the importance of histamine signaling during
macrophage differentiation from the BM, treatment of
granulocyte-macrophage colony-stimulating factor
(GMCSF), a cytokine driving macrophage differentiation, to
the BM of Hdcþ/þ mice induced histamine production,
whereas treatment of CSF-1 was less effective (Figure 7D).
The activation of mitogen-activated protein kinase (MAPK)



Figure 2. Macrophages are potentially associated with hypertrophic gastropathy. (A) Representative oligonucleotide
microarray analysis of 1-year-old Hdcþ/þ and Hdc-/- mouse stomach tissues using the HALLMARK database with gene sets of
interest highlighted. (B) CIBERSORT analysis of 1-year-old Hdcþ/þ and Hdc-/- mouse stomach tissues. (C) Expression of Il1b,
Tnfa, Cd80, CD86, Nos2, Il4, Il13, Il10, Arg1, and Ym1 in 1-year-old Hdcþ/þ and Hdc-/- mouse stomach tissues (n ¼ 8 mice).
Data are means ± SD. **P < .01, ***P < .001. JAK, janus kinase; ROS, reactive oxygen species; STAT3, signal transducer and
activator of transcription 3.
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signaling is important for BM macrophage development.28

We therefore analyzed whether histamine is required for
BM macrophage differentiation through activation of the
MAPK pathway. Western blot was performed on BM cells
from 2-month-old Hdcþ/þ and Hdc-/- mice with anti–
phospho-extracellular-signal-regulated kinase (ERK), p38,
and c-Jun N-terminal kinase (JNK) antibodies. The results
showed that the phosphorylation of MAPK signaling mole-
cules was impaired significantly in Hdc-/- BM cells
(Figure 7E). However, we could not detect the phospho-
ERKþ stomach macrophages in either Hdcþ/þ or Hdc-/- mice
(Figure 7F). These data indicated that histamine is required
for macrophage development via the MAPK signaling
pathway at the BM stage, but not in peripheral tissue
macrophages.
Bone Marrow Transplantation Recovered
Macrophage Differentiation and Suppressed
Chronic Inflammation and Hypertrophic
Gastropathy of the Stomach of Hdc-/- Mice

Peripheral tissue macrophages differentiated from BM
cells maintain tissue homeostasis and protect the host from
Figure 1. (See previous page). Naturally occurring hyperpl
deficient mouse stomach. (A) Naked-eye (scale bar: 5 mm)
and Hdc-/- mouse stomach (left, n ¼ 13). (B) Length of the stoma
time points (Hdcþ/þ n ¼ 5, Hdc-/- n ¼ 13; 25–86 high-power fi
sections of the stomachs of 1-year-old Hdcþ/þ and Hdc-/- mice
(D) anti-Ki67, and (E) anti-CD3 (scale bar: 400 mm; n ¼ 5 mice,
staining and in 15–20 HPF images for CD3 staining). The HþKþ-
(University of Edinburgh). (F) Immunofluorescence (IF) staining
mouse stomach tissues. Nuclei were stained with 40,6-diamidino
the percentage of GIFþ (red), GSIIþ (green), and GIFþGSIIþ (yello
group). (G) IF staining of GSII (green), CD44v9 (red), and DAPI (b
Scale bar: 100 mm. Data are means ± SD. **P < .01, ****P < .0
infection.29 To examine whether BM-derived macrophages are
important for gastric homeostasis, normal BM cells of Hdcþ/þ

mice were transplanted to Hdc-/- mice after busulfan admin-
istration to generate chimeric mice30 (Figure 8A). Busulfan
removed CD11bþ cells from the BMs and spleen in male mice
more efficiently than in female mice, but did not affect the B-
or T-cell population (Figure 8B and C). We therefore selected
only males for the generation of chimeric mice and related
experiments. Flow cytometry showed that transplantation of
Hdcþ/þ BM cells restored the stomach macrophage differen-
tiation in Hdc-/- mice because the number of F4/80þCD11bþ

cells regressed to the normal level of the Hdcþ/þ mouse
stomach (Figure 8D). Immunohistochemistry confirmed that
the numbers of CD3þ T and F4/80þ cells significantly
decreased in the stomachs of Hdc-/- mice after transplantation
of Hdcþ/þ BM cells (Figure 8E and F). Furthermore, the
mucosal gland length returned to normal after Hdcþ/þ BM cell
transplantation (G). The phagocytic activity of peritoneal
macrophages and stomach macrophages of the Hdcþ/þ BM
cell–transplanted group also recovered (Figure 8H). Consis-
tently, the stomach bacteria could be controlled efficiently
after Hdcþ/þ BM cell transplantation in Hdc-/- mice
(Figure 8I), showing that Hdcþ/þ BM cells rescued the
asia and chronic inflammatory region in the histamine-
and H&E (scale bar: 400 mm) images of the Hdcþ/þ (n ¼ 5)
ch gland of Hdcþ/þ and Hdc-/- mice measured at the indicated
eld [HPF] images analyzed per time point). Slides of paraffin
immunohistochemically stained with (C) anti–HþKþ-ATPase,

100 HþKþ-ATPaseþ cells counted in 60 HPF images for Ki67
ATPaseþ cell size was determined using the QuPath program
of GSII (green) and GIF (red) in 1-year-old Hdcþ/þ and Hdc-/-

-2-phenylindole (DAPI) (blue). Scale bar: 100 mm. Bar graph of
w) cells among total DAPIþ cells in a 10� field (n ¼ 5 mice per
lue) in 1-year-old Hdcþ/þ and Hdc-/- mouse stomach tissues.
001. IN, inflammation.



Figure 3. Macrophage phenotype in the histamine-deficient condition. (A) Immunofluorescence (IF) staining of CD163
(red), F4/80 (green), and 40,6-diamidino-2-phenylindole (DAPI) (blue) in the Hdcþ/þ and Hdc-/- mouse stomach. Quantification
of (B) CD163þ cells and (C) F4/80þ cells in 10� fields. Scale bar: 100 mm (n¼ 6 mice). (D) IF staining of Ki67 (red), F4/80 (green),
and DAPI (blue) in the Hdcþ/þ and Hdc-/- stomach. Left: Representative IF images. F4/80þKi67þ cells are highlighted by a white
arrowhead. Right: Bar graph of the number of F4/80þKi67þ cells in a 10� field. Scale bar: 100 mm (n ¼ 6 mice). (E) Flow
cytometry gating strategy to characterize macrophages in the mouse stomach. Hdcþ/þ and Hdc-/- mouse stomach cells were
first gated on live (DAPI–), single cells, and CD45þ cells. CD45þ cells were distinguished further by CD11bþF4/80þ and
CD11bþF4/80–, and the gated populations were calculated (n ¼ 5 mice). (F) Comparison of forward scatter-are (FSC-A) and
side Scatter-A (SSC-A) levels between the 4-week-old Hdcþ/þ and Hdc-/- stomach macrophages. Data are shown as means ±
SD. **P < .01, ****P < .0001.
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differentiation of tissue macrophages of the stomach, which
could recover the capacity to suppress bacterial growth and
maintain homeostasis of the stomach.
Single-Cell RNA Profiling of Stomach
Macrophages of Hdc-/- and Hdcþ/þ Mice

To characterize the stomach macrophage phenotype at
the molecular level, we conducted single-cell RNA-
sequencing (scRNA-seq) of the mucosal stomach cells of 2-
month-old Hdcþ/þ and Hdc-/- mice, corresponding to the
time that gastric hyperplasia was initiated. After quality
control, a total of 25,603 cells (12,303 cells in Hdcþ/þ mice
and 13,300 cells in Hdc-/- mice) were analyzed (Figure 9A).
After batch correction (Figure 9B), clustering analysis
showed 13 cell clusters (Figure 9C), representing pit cells
(clusters 1 and 2), isthmus cells (cluster 3), mucous gland
cells (cluster 4), chief cells (cluster 5), parietal cells (clusters
6–8), enterochromaffin-like cells (cluster 9), epithelial cells
(cluster 10), epithelial stem cells (cluster 11), immune cells
(cluster 12), and red blood cells (cluster 13), based on sets
of known cell marker genes (Figure 9D–G).

Immune cell clusters could be subclustered further into 3
macrophage groups (gastric macrophage 1 [GM1], gastric
macrophage 2 [GM2], and gastric macrophage-phagocytic
[GMp]), mast cells, T cells, foveolar cells, and fibroblast
clusters (Figure 10A andB, and Supplementary Table 1). Gene
set enrichment analysis (GSEA) showed that GM1 was highly
associated with M1-type signaling pathways such as tumor
necrosis factor-a signaling via nuclear factor-kB and inflam-
matory response, whereas GM2was associated with M2-type
signaling pathways such as coagulation, hypoxia, adipo-
genesis, and angiogenesis. It is difficult to characterize the
phenotype of GMp cluster because putativeM1/M2 polarized
signaling pathways could not be determined (Figure 10C).
These 3 macrophage clusters expressed distinct gene pro-
files: the GM1 cluster highly expressed Il1b, Mx1, Ifnb1, Ccl9,
Cxcl11, and Il12b, and the GM2 cluster expressed Cd93, Pdgfb,
Ccl24, Tnfsf11a, and Ccl7. Interestingly, the GMp cluster was
negative for Adgre1 but highly expressed CD74, H2-Eb1,
Ppfia4, Napsa, Cd207, and Lsp131 (Figure 10D), suggesting
that the GMp cluster may have high phagocytic activity. Flow
cytometric analysis confirmed that GM1 cells were
CD11bþF4/80þinterleukin (IL)1bþ, which constituted
approximately 20% of all CD11bþF4/80þ cells. GM2 cells
were identified to be CD11bþF4/80þCD93þ, constituting
approximately 60% of all CD11bþF4/80þ cells. Of note, GMp
was negative for F4/80, although GMp cells expressed CD11b
and major histocompatibility complex class II (MHCII)
(Figure 10E). The forward and side scattering results showed
that GM1 is a relatively homogenous population among the 3
GM clusters, whereas GM2 is made up of cells with a wide
range of size and granularity. The GMp population has a
median range of size/granularity between those of the GM1
and GM2 populations (Figure 10F). To define the main
localizing site of GMp cells in the stomach, 2-month-old
stomach tissues were stained immunofluorescently with F4/
80 and MHCII, showing that F4/80-MHCIIþ GMp cells were
enriched at the base and pit region of the stomach fundus
(Figure 10G). In addition to F4/80þ cells, F4/80-MHCIIþ GMp
cells significantly accumulated in the stomachs of 2-month-
old and 1-year-old Hdc-/- mice compared with those of Hdcþ/þ

mice (Figure 10H).
Histamine Deficiency Results in Abnormal Gene
Expression and Impaired Phagocytic Activity in
All GMs

Consistent with the immunofluorescence staining results
(Figure 3A), we found an increase in the number of all GMs in
the Hdc-/- mouse stomach (4-fold increase in GM1, 2-fold in-
crease in GM2, and 9-fold increase in GMp) (Figure 11A).
However, GSEA-based gene ontology analysis showed that
gene setswere down-regulated in the GM1 andGM2clusters of
the stomachofHdc-/-mice comparedwith thoseofHdcþ/þmice
(Figure 11B). Consistent with the impaired phagocytic activity
of Hdc-/- stomach macrophages (Figure 4A), phagocytosis-
related genes tended to be down-regulated in all GM clusters
of Hdc-/- mice compared with those of Hdcþ/þ mice
(Figure 11C).Helicobacter pylori is a well-known risk factor for
gastric cancer and could cause chronic infectionon themucosal
layer of the stomach.32 To test whether GMs of the stomach of
Hdc-/- mice can properly address H pylori infection, murine-
adapted H pylori–sydney strain 1 (SS1) was labeled with the
green fluorescent carboxyfluorescein succinimidyl ester
(CFSE) and co-incubatedwith stomachmacrophages; the CFSE
signal-positiveGMs thenwere counted. StomachGMsofHdcþ/þ

mice efficiently phagocytosed H pylori–SS1 and approxi-
mately 60% of GM1, approximately 20% of GM2, and
approximately 80% of GMp cells were positive for CFSE.
However, all of the stomach GMs of Hdc-/- mice showed
significantly impaired phagocytic activity against H pylori–SS1
(Figure 11D and F). Furthermore, the phagocytic activity of
Hdc-/-GMs alsowas impaired against Listeriamonocytogenes33

or Shigella flexneri34 (Figure 11E and F).
Phagocytic receptors recognize foreign antigens and

induce signaling pathways for phagocytosis.35 Therefore, we
exploredwhether histaminedeficiency alters the expressionof
phagocytic receptors such as CD64,36 complement receptor 1/
2 (CD21/35),37 CD204 (SR-AI/II),38 CD14,39 and V-set
immunoglobulin-domain-containing 4 (VSIG4).40 Flow cyto-
metric analysis showed that the expression of CD21/35 was
the most severely impaired among these receptors in all 3
stomach macrophage populations (GM1, GM2, and GMp) in
Hdc-/- mice compared with those of Hdcþ/þ mice, and VSIG4
expression also was impaired in the Hdc-/- GM1 population
(Figure 12A). To identify whether CD21/35 and VSIG4 are
important for phagocytosis in stomach macrophages, GM1,
GM2, and GMp cells fromHdc-/- andHdcþ/þmice were treated
with anti-CD21/35 or anti-VSIG4 for neutralization and then
co-incubated with CFSE-labeled H pylori–SS1. The comple-
ment receptors CD21 and C35 were found to be important for
phagocytic activity against H pylori–SS1 given that anti-CD21–
or anti-CD35–treated GM1 and GMp showed significantly
impaired phagocytosis in Hdcþ/þ cells. VSIG4 also was found
to be required for phagocytosis ofH pylori–SS1, but only in the
GM1 population (Figure 12B). However, we could not detect a
significant change of phagocytic activity in any Hdc-/- stomach
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macrophage population, even after the treatment of anti-
bodies. This likely is owing to the reduced expression of the
receptors in Hdc-/- macrophages, which therefore did not
respond to the antibody treatment.
Taken together, these results indicate that histamine is
required for the full differentiation of stomach macrophages
to maintain stomach homeostasis via phagocytosis of the
stomach microbiota.
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Discussion
Previous studies have clearly established that histamine

deficiency results in hypertrophic gastropathy, including the
abnormal proliferation and differentiation of gastric tissue
cells.4,5,17 However, the pathophysiological mechanism un-
derlying the hypertrophic gastropathy of Hdc-/- mice re-
mains unclear. Based on a whole-transcript expression
array, we showed that impaired tissue macrophage differ-
entiation and resultant bacterial overgrowth could account
for the hypertrophic gastropathy in the HDC-deficiency
condition, which was confirmed further by the alleviation
of hypertrophic gastropathy with BM transplantation of
Hdcþ/þ mice and GF-Hdc-/- mice. Collectively, these results
suggest that histamine signaling might play a critical role in
macrophage differentiation and the maintenance of stomach
homeostasis through the control of bacterial overgrowth.

With scRNA-seq and flow cytometry, we identified 3
distinct stomach macrophage populations: GM1 (CD11bþF4/
80þIL1bþ), GM2 (CD11bþF4/80þCD93þ), and GMp
(CD11bþF4/80-/MHCIIþ). GSEA showed that GM1 represents
classically activated macrophages (M1 type) and GM2 repre-
sents alternatively activated macrophages (M2 type) with low
phagocytic activity.41 In addition to these previously known
macrophage populations, we newly identified a distinct
stomach macrophage population, termed GMp, with high
phagocytic activity. Interestingly, compared with Hdcþ/þ mice,
Hdc-/- mice showed increased accumulation of all 3 macro-
phage populations in the stomach, although the phagocytic
activity was decreased, which appeared to be caused by
insufficient maturation of macrophages owing to the absence
of histamine signaling. The scRNA-seq results supported this
speculation because the GM2 cluster was increased by 2-fold
in the stomachs of Hdc-/- mice, whereas the number of
CD163þ (a known M2-type marker) macrophages did not
change significantly, regardless of age or presence of the Hdc
gene. Indeed, Cd163 gene expression was detected in only a
small fraction of GM2 cells (data not shown), suggesting that
CD163 may not be a suitable marker for the detection of total
stomach M2-type macrophages and that M2 macrophages of
various phenotypes may exist in the stomach mucosal tissue
to exert different functions such as tissue repair, stem cell
regulation, and immune suppression.

The newly identified stomach macrophage population
GMp could not be categorized into M1- or M2-type macro-
phages. However, GMp (CD11bþF4/80-/MHCIIþ) cells
showed high phagocytic capacity comparable with that of
Figure 4. (See previous page). The histamine signal is impo
suppress dysbiosis. (A) Phagocytosis assay of Hdcþ/þ and H
cytometry was performed by gating on live (DAPI-), single cells,
up per CD11bþ macrophage is highlighted, and the total numbe
numbers. Hdcþ/þ and Hdc-/- total stomach tissues were homoge
agar. (C) Left: Representative blood agar image. Right: Expecte
blood agar. (D) Expected number of stomach bacteria based o
infusion agar (right) (n ¼ 4 mice). (E–H) 16s ribosomal RNA meta
mice. (E) Determination of observed operational taxonomic units
each group. Relative abundance of the gut microbiota at the (F)
are listed for the mouse stomach of each group. Data are shown
DAPI, 40,6-diamidino-2-phenylindole; FSC-W, forward scatter-w
GM1 cells, as determined by the phagocytosis assay against
3 bacterial species. GMp did not express the well-known
macrophage marker Adgre1, but did express Lsp1, Cst3,
Gsn, and highly expressed MHCII-related genes such as
Cd74, H2-Ea-ps, H2-DMb1, H2-Aa, and H2-Eb. The gene
expression profile of GMp appears to be similar to that of
small peritoneal macrophages with an F4/80lowMHCIIhigh

phenotype. Small peritoneal macrophages are generated
from BM-derived myeloid precursors and increase dramat-
ically in response to infectious or inflammatory stimuli,42

which is a common feature with GMp. Interestingly, hista-
mine deficiency remarkably attenuated the phagocytic ac-
tivity of GMp, indicating that histamine signaling is pivotal
for the functional maturation of GMp compared with that of
GM1 or GM2. Therefore, it is conceivable that impaired
differentiation of GMp from BM-derived myeloid precursor
cells might be accountable for the hypertrophic gastropathy
of Hdc-/- mice, although further studies are needed to
confirm this possibility.

Various microorganisms can survive in the acidic stom-
ach microenvironment. In particular, H pylori generates
urease to neutralize gastric acid and propagates at the
mucosal layer of the stomach.43 Chronic infection with H
pylori is a well-known risk factor for chronic gastritis44 and
gastric adenocarcinoma,45 reflecting the role of infection of
microorganisms, including H pylori, in the hypertrophic
gastropathy of Hdc-/- mice. H pylori infection produces
relatively milder inflammatory responses, as determined by
minimal increases in tumor necrosis factor-a, IL6, and
anti–H pylori IgG levels, and weaker histologic scores in the
stomach of Hdc-/- mice compared with that of WT mice,46

suggesting that histamine is required to initiate immune re-
sponses against H pylori infection. Interestingly, GMp macro-
phages showed the strongest phagocytic activity among GMs
against H pylori–SS1 (w60% of GM1, w20% of GM2, and
w80% of GMp cells of Hdcþ/þ mice underwent phagocytosis),
indicating the pivotal role of GMp macrophages for the control
of H pylori. Of particular note, HDC deficiency reduced the
phagocytic activity of GMp to almost one fourth that of Hdcþ/þ

mice, which could explain the bacterial overgrowth and
chronic inflammation of the stomach of Hdc-/- mice. Although
we showed that CD21/35 and VSIG4 are required for
phagocytic activity in GM1, these receptors are not important
for phagocytosis in GMp. Therefore, further study is needed to
determine the specific substances of GMp that play an
important role in phagocytosis.
rtant for phagocytic activity of stomach macrophages to
dc-/- stomach macrophages using polystyrene beads. Flow
CD45þ, CD11bþ, and beadsþ. (B) The number of beads taken
r of beads taken up is calculated. (C and D) Stomach bacteria
nized, and serial-diluted tissue samples were plated on blood
d number of stomach bacteria based on the colony count on
n the colony count on Luria–Bertani agar (left) or brain heart
genomic analysis of the stomach tissues of Hdcþ/þ and Hdc-/-

(OTUs) and Shannon diversity index in the mouse stomach of
phylum level and (G) genus level. (H) Top 5 enriched species
as means ± SD. *P < .05, **P < .01. BHI, brain heart infusion;
idth; LB, luria berani.



Figure 5. Both acidification and macrophages are important for regulation of stomach bacterial growth. (A) Scheme of
the experimental design. To define the relation of the pH and bacterial growth in the stomach, 4 different groups of mice were
used, as follows: Hdcþ/þ mice supplied with distilled water (DW) as a control, Hdcþ/þ mice supplied with HCl-conditioned
water, Hdc-/- mice supplied with DW, and Hdc-/- mice supplied with HCl-conditioned water. The microbiota of all groups of
mice were removed by administration of an antibiotics cocktail (ABX). (B) ABX efficiency test. Each group of mice was killed
after treatment of ABX or DW for 7 days and imaged after opening the abdominal cavity. (C) The total stomach tissue of each
group was homogenized and plated on blood agar as described in Figure 4G. Representative blood agar image in each group.
(D) Expected stomach bacteria number in each group by counting the colonies on blood agar. Left: Cultured in aerobic
condition. Right: Cultured in anaerobic condition (n ¼ 4 mice). (E–G) ABX-treated mice were supplied with control DW or HCl-
conditioned water for 30 days. (E) Four groups of mice were killed and imaged after opening the abdominal cavity. (F) pH of the
stomach mucosal tissue. Box-and-whisker plot. (G) Expected stomach bacteria number in each group was determined by
counting the colonies on blood agar. Left: Cultured in aerobic condition. Right: Cultured in anaerobic condition (n ¼ 4 mice). (D
and G) Results are presented as means ± SD. *P < .05, **P < .01, ***P < .001, ****P < .0001. NS, not significant by 2-way
analysis of variance.
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Figure 6. Chronic inflammation and hypertrophic gastropathy did not occur in GF Hdc-/- mice. (A) One-year-old GF Hdc-/-

mice were killed and imaged after opening the abdominal cavity. (B) Feces from SPF Hdc-/- and GF Hdc-/- were suspended in
sterile PBS. Each group of samples was plated on blood agar and cultured for 2 days in an anaerobic condition. (C) Gross and
H&E-stained images of the 1-year-old SPF Hdc-/- and GF-Hdc-/- mouse stomach. Scale bars: 5 mm and 400 mm, respectively.
(D and E) Immunohistochemical images and quantification of (D) CD3þ cells and (E) Ki67þ cells in 1-year-old SPF Hdc-/- and
GF Hdc-/- mouse stomachs. Data are shown as means ± SD. Scale bars: 0.2 mm. ****P < .0001. GF, feces from GF Hdc-/-

mice; NC, negative control; PBS, sterile PBS only; SPF, feces from SPF Hdc-/- mice.
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Histamine regulates various types of macrophages via
different receptors. For example, histamine promotes the
quiescence and self-renewal of hematopoietic stem cells via
the H2-receptor signaling pathway,11 and H4-receptor
signaling enhances the phagocytic activity of BM-derived
macrophages.23 In line with these reports, we showed that
the impaired differentiation and phagocytic activity of Hdc-/-

BM cells were recovered by histamine treatment, under-
lining the importance of histamine signaling in the func-
tional maturation of stomach tissue macrophages from BM
cells. Consistently, treatment of GMCSF and CSF-1 to BM
cells of Hdcþ/þ mice stimulated the production of histamine,
whereas the BM cells of Hdc-/- mice were unresponsive to
this treatment, suggesting that the source of histamine for
the differentiation of tissue macrophages in the stomach
may be BM cells. Indeed, transplantation of BM cells from
Hdcþ/þ mice to Hdc-/- mice recovered normal macrophage
differentiation and phagocytic activity, which may have
contributed to the control of bacterial overgrowth and the
maintenance of gastric homeostasis.

In conclusion, we showed that histamine signaling is
important for tissue macrophage differentiation and main-
tenance of gastric homeostasis through the suppression of
bacterial overgrowth in the stomach. Moreover, this study
provides new insight into the mechanism of pathogenesis of
hypertrophic gastropathy mediated by bacterial overgrowth
from impaired macrophages, which can contribute toward
understanding the development of various inflammatory
gastric diseases and aiding in the discovery of new thera-
peutic strategies.

Materials and Methods
Lead Contact

Further information and requests for resources and re-
agents should be directed to and will be fulfilled by the lead
contact, Ki Taek Nam. KITAEK@yuhs.ac

mailto:KITAEK@yuhs.ac


Figure 7. MAPK signaling is impaired in Hdc-/- mouse BM cells, but not in stomach macrophages. (A and B) BMDMs from
4-week-old Hdcþ/þ and Hdc-/- mice were incubated in GMCSF–supplemented media and 10-6 mol/L histamine the same day.
On day 7, the F4/80þ cells were gated and a phagocytosis assay was performed. (A) Peritoneal cells from 4-week-old Hdcþ/þ

and Hdc-/- mice were treated with 10-6 mol/L histamine for 2 days in vitro and a phagocytosis assay was performed. (B)
Quantification of the total number of phagocytosed beads in each group (n ¼ 6 mice). (C) BMDMs from 4-week-old Hdcþ/þ

and Hdc-/- mice were incubated in GMCSF–supplemented media with or without 4-bromo-3-hydroxybenzoic acid (BHOA) the
same day. On day 7, the F4/80þ cells were gated and a phagocytosis assay was performed. (D) Four-week-old Hdcþ/þ and
Hdc-/- GMCSF–treated BMDMs and CSF-1–treated BMDMs were cultured for 7 days. The histamine level in each group in the
culture supernatant was determined using an enzyme-linked immunosorbent assay (n ¼ 4 mice). (E) BM cells from Hdcþ/þ and
Hdc-/- mice were lysed and Western blot was performed with antibodies specific for phospho-ERK (p-ERK), ERK, phospho-
p38 (p-p38), p38, phospho-JNK (p-JNK), JNK, and b-actin. Results are presented as means ± SD (n ¼ 6 mice). (F) Immu-
nofluorescence staining of p-ERK (red), F4/80 (green), and 40,6-diamidino-2-phenylindole (DAPI) (blue) in the Hdcþ/þ and Hdc-/-

mouse stomach (n ¼ 6 mice). Scale bar: 100 mm. **P < .01, ***P < .001, ****P < .0001. FSC-A, forward scatter-area; PM,
peritoneal macrophage; SSC-A, side scatter-area.
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Mice
Animal experiments were approved by the Institutional

Animal Care and Use Committee of Yonsei University (2015-
0116) and were compliant with the Guide for the Care and
Use of Laboratory Animals. Wild-type FVB/NJ friend virus b
NIH Jackson (FVB/NJ) mice were purchased from The Jack-
son Laboratory (Bar Harbor, ME) and Hdc-/-mice were a kind
gift from Dr Timothy C. Wang (Columbia University, New
York, NY). The mice were maintained in a SPF barrier and GF
facility under a 12-hour light cycle, and provided PicoLab
Rodent Diet 20 (LabDiet, St. Louis, MO) for the SPF condition
and Teklad Global 18% Protein Rodent Diet (Envigo, Indi-
anapolis, IN) for the GF condition. GF-Hdc-/- mice were
generated according to previously reported methods.47,48

Hdc-/- mice were maintained by crossing Hdcþ/- mice. Four
weeks after birth, the offspring were separated from the
mother’s cage and genotyped with primers Hdcþ/þ_Sense
(GAGCACTGTCAGCGAATCCAC), Hdcþ/þ_Antisense
(GGCCGTGAGATAAGCGTGACC), and Hdc-/-_Antisense
(TGGGATTAGATAAATGCCTGCTCT). The Hdcþ/þ and Hdc-/-

mice used in the spontaneous stomach hyperplasia study
were 2–12months old, and 4-week-oldmicewere used in the
other experiments (scRNA-seq analysis, macrophage char-
acterization, and generation of chimeric mice). All individual
experiments involved sex matching and approximately the
same numbers of male and female mice were used in the
overall experiment; however, only male mice were used in
the scRNA-seq analysis and for the experiments with
chimeric mice.

H&E Staining and Stomach Gland Length
The mouse stomach was fixed with ice-cold 4% para-

formaldehyde and then embedded in paraffin. The tissues
were sectioned at a thickness of 5 mm, deparaffinized with
xylene 3 times for 20 minutes each, 100% ethanol 3 times
for 10 minutes each, 90% ethanol twice for 10 minutes each,
and 75% ethanol for 10 minutes, and then stained with
H&E-stained tissue slides were dehydrated using by ethanol
xylene, and mounted with Shandon Synthetic Mount
(Thermo). The length of the stomach mucosal gland was
determined by taking the average of approximately 25
glands per mouse from digital images using the ToupView
program (http://www.touptek.com).

Immunohistochemical and Immunofluorescence
Staining

For immunohistochemistry, the tissues were fixed with
ice-cold 4% paraformaldehyde in phosphate-buffered saline
(PBS) and mounted in paraffin blocks. Samples were
sectioned at 3 mm, deparaffinized, and rehydrated in PBS.
Antigens then were retrieved for 15 minutes under high
pressure in Target Retrieval Solution (Dako). Subsequently,
the specimens were chilled on ice for 1 hour, washed with
PBS 3 times for 5 minutes each, and blocked with 3% H2O2

in PBS for 30 minutes to quench the endogenous peroxi-
dase. The slides were washed again with PBS, blocked for 2
hours at room temperature with Serum-Free Protein Block
(Dako), probed at 4�C overnight with the primary antibodies
(1/1000 dilution), stained for 30 minutes with anti-mouse
(Dako) or horseradish peroxidase–conjugated anti-rabbit IgG
(Dako) secondary antibody, and developed with Liquid DABþ
Substrate Chromogen System (Dako). Finally, the specimens
were counterstained with Mayer’s hematoxylin (Dako) and
mounted with Shandon Synthetic Mount (Thermo).

For immunofluorescence, tissue sample preparation and
blocking were performed in the same manner as described
earlier for immunohistochemistry, probed at 4�C overnight
with the primary antibodies (1/1000 dilution), labeled for 2
hours with cyanine-3 (Cy3)-conjugated goat anti-rabbit-IgG
(Invitrogen) or A488 donkey anti-rat lgG (Invitrogen), and
stained with 40,6-diamidino-2-phenylindole (Sigma) for 15
minutes. Finally, the slides were mounted with ProLong Gold
antifade reagent (Invitrogen), imaged on an LSM 700 confocal
microscope (Zeiss), and analyzed using Zeiss Zen Blue Edition.

The following primary antibodies were used: anti-Ki67
(ab16667; Abcam), anti–HþKþ ATPase (D031-3; MBL), anti-
CD3 (ab5690; Abcam), anti–GSII-a488 (L21415; Thermo),
anti-GIF (Dr David Alpers), anti-CD44v9 (CAC-LKG-M002;
Cosmo Bio), anti-CD163 (NB110-59935SS; Novus), anti-F4/
80 (ab6640; Abcam and D2S9R; Cell Signaling Technology),
and anti-MHCII (NBP2-21798; Novus).
Whole-Transcript Expression Array
One-year-old mouse stomach tissues were homogenized

by T-10 basic ULTRA-TURRAX (IKA, Staufen, Germany) in
TRIzol reagent, and RNA was isolated according to the
manufacturer’s instructions (Invitrogen). For quality con-
trol, the RNA purity and integrity were evaluated according
to the optical density ratio at 260/280 nm using an ND-
1000 spectrophotometer (NanoDrop, Wilmington, DE) and
analyzed with an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Palo Alto, CA). The Affymetrix whole-transcript
expression array process was executed according to the
manufacturer’s protocol (GeneChip Whole Transcript PLUS
reagent Kit; Affymetrix). Complementary DNA (cDNA) was
synthesized using the GeneChip Whole Transcript Amplifi-
cation kit as described by the manufacturer. The sense cDNA
then was fragmented and biotin-labeled with terminal
deoxynucleotidyl transferase using the GeneChip Whole
Transcript Terminal labeling kit. Approximately 5.5 mg
labeled DNA target was hybridized to the Affymetrix Gen-
eChip Human or Mouse 2.0 ST Array at 45�C for 16 hours.
Hybridized arrays were washed and stained on a GeneChip
Fluidics Station 450, and then scanned on a GCS3000
Scanner (Affymetrix). Signal values were computed using
Affymetrix GeneChip Command Console Software (AGCC).

Raw data were extracted automatically in the Affymetrix
data extraction protocol using Affymetrix AGCC. After
importing CEL files, the data were summarized and normal-
ized with the robust multi-average method implemented in
the oligo package49 in Affymetrix Power Tools for differen-
tially expressed gene (DEG) analysis (Supplementary Table 2).

Statistical significance of the expression data was
determined using the local-pooled-error (LPE) test and fold
change in which the null hypothesis was that there is no
difference between groups. The false discovery rate was

http://www.touptek.com


226 Kim et al Cellular and Molecular Gastroenterology and Hepatology Vol. 15, No. 1
controlled by adjusting the P value (P < .05) using the
Benjamin–Hochberg algorithm. For the obtained DEG set, hi-
erarchical cluster analysis was performed using complete
linkage and the Euclidean distance as a measure of similarity.
Gene enrichment and functional annotation analysis for
the significant gene list were performed using Gene
Ontology (http://geneontology.org) and Kyoto Encyclopedia
of Genes and Genomes (http://kegg.jp) tools with

http://geneontology.org
http://kegg.jp
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representative oligonucleotide microarray analysis50 and
HALLMARK.51 An immune cell population was estimated
using CIBERSORT21 and immuCC.52 All statistical tests and
visualization of DEGs were conducted using R statistical
language v. 3.5.3 (www.r-project.org). Raw sequencing data
have been submitted to GEO repository (GSE213293).
Stomach Single-Cell Isolation and Preparation
Mice were killed using CO2 gas, and total mouse stomach

tissues were obtained by cutting the distal region of the
esophagus and the proximal region of the duodenum. To
remove the contents of the stomach, the greater curvature was
cut and washed with PBS twice. The forestomach was
removed and the tissues were cut into approximately 1-mm3

pieces. The stomach tissue was incubated in 50 mL solution A
(0.5 mmol/L NaH2PO4, 1 mmol/L Na2HPO4, 20 mmol/L
NaHCO3, 70 mmol/L NaCl, 5 mmol/L KCl, 50 mmol/L HEPES,
11 mmol/L D-[þ]-glucose, 2 mmol/L EDTA, 2% bovine serum
albumin, and 0.2 mg pronase E) in a 37�C shaking incubator
for 30 minutes. The stomach tissue then was moved to 50 mL
solution B (0.5 mmol/L NaH2PO4, 1 mmol/L Na2HPO4, 20
mmol/L NaHCO3, 70 mmol/L NaCl, 5 mmol/L KCl, 50 mmol/L
HEPES, 11 mmol/L D-[þ]-glucose, 1 mmol/L CaCl2, 1.5 mmol/
L MgCl2, 2% bovine serum albumin, and 0.2 mg pronase E)
and incubated for 2 hours in a 37�C shaking incubator. To
obtain the single suspended total stomach cell, solution A and
solution B were filtered using a 40-mm cell strainer (352340;
CORNING) and centrifuged at 1000 rpm for 10 minutes. The
cell pellet was resuspended in RPMI-1640 medium with 10%
fetal bovine serum (FBS) for in vitro experiments.

qPCR
Themouse stomach tissue was homogenized by T-10 basic

ULTRA-TURRAX(IKA) inTRIzol reagent, andRNAwas isolated
according to the manufacturer’s instructions (Invitrogen).
Reverse-transcription qPCRwas performed in triplicate in 96-
well plates using Power SYBRGreenPCRMasterMix (Thermo)
on a StepOnePlus Real-Time PCR System (Applied Biosystems,
Darmstadt, Germany) (Il1b-F: 5’-ACGGACCCCAAAA-
GATCAAGGGCT-3’, Il1b-R: 5’-CCTGGAAGGTCCACGGGAAA-
GAC-3’, Tnfa-F: 5’-ACCCTCACACTCAGATCATC-3’, Tnfa-R: 5’-
GAGTAGACAAGGTACAACCC-3’, Cd80-F: 5’-CCATGTC-
CAAGGCTCATTCT-3’, Cd80-R: 5’-GGCAAGGCAGCAATACCTTA-
3’, Cd86-F: 5’-TCAGTGATCGCCAACTTCAG-3’, Cd86-R: 5’-
Figure 8. (See previous page). Generation of chimeric mice
experimental design. (B and C) Busulfan-mediated depletion of
and female mice were injected with dimethyl sulfoxide (DMSO
peritoneal route, 3 times every 2 days. Flow cytometry of total
(DAPI–), single, and CD45þ cells, and then further gating by C
phages in chimeric mice. Total stomach cells were first gated on
by the relative expression of CD11b and F4/80 in each grou
tochemically with (E) anti-CD3 and (F) anti-F4/80. CD3þ and F4/
200 mm (n ¼ 4 mice and 14–17 HPF images). (G) Length of the s
(n ¼ 4 mice and 32 HPF images analyzed). (H) Stomach macrop
with polystyrene beads and subjected to a phagocytosis assay
colonies on Luria–Bertani plates in an aerobic condition. Righ
condition (n ¼ 4 mice). (B–D, G, and H) Results are presented as
diamidino-2-phenylindole; LB, luria berani.
TTAGGTTTCGGGTGACCTTG-3’, Nos2-F: 5’-GCCACCAA-
CAATGGCAACA-3’, Nos2-R: 5’-CGTACCGGATGAGCTGTGAATT-
3’, Il4-F: 5’-CACAGGAGAAGGGACGCCATGC-3’, Il4-R: 5’-ATGC-
GAAGCACCTTGGAAGCCC-3’, Il13-F: 5’-GCTCTGGGCTTCAT
GGCGCT-3’, Il13-R: 5’-AGGGCTACACAGAACCCGCCA-3’, Il10-F:
5’-GGTTGCCCAGCCTTATCGGA-3’, Il10-R: 5’-ACCTGCTCCACTG
CCTTGCT-3’, Arg1-F: 5’-AGGACAGCCTGGAGGAGGGG-3’, Arg1-
R: 5’-TGGACCTCTGCCACCACACCAG-3’, and Ym1-F: 5’-
GGGCATACCTTTATCCTGAG-3’, Ym1-R: 5’-CCACTGAAGT-
CATCCATGTC-3’). Relative messenger RNA levels were calcu-
lated according to theDDCT relative quantificationmethod and
were normalized to the level of the housekeeping gene Gapdh.

Flow Cytometry
The mouse stomach cells were blocked with 2 mL/106

cells of Fc Block (BD) in 100 mL fluorescence-activated cell
sorter (FACS) buffer (0.5% FBS, 1 mmol/L EDTA, 0.05%
NaN3 in PBS) for 10 minutes at 4�C, followed by washing
with FACS buffer to remove Fc Block residue. Cell surface
staining was performed in FACS buffer containing antibody
cocktails (PerCP [Peridinin chlorophyll] /Cy [Cyanine] 5.5-
CD45, APC [Allophycocyanin]/Cy7-CD11b, and APC-F4/80;
PerCP/Cy5.5-CD45, APC/Cy7-CD11b, APC-F4/80, Pacific
Blue–MHCII, and PE/Cy7-CD93; PerCP/Cy5.5-F4/80, APC/
Cy7-CD11b, Pacific Blue–MHCII, PE/Cy7-CD93, APC-CD64,
APC-CD21/35, APC-CD204, APC-CD14, and APC-VSIG4) on ice
for 1 hour. After washing with FACS buffer 3 times, the cells
were subjected to flow cytometry with a BD LSR Fortessa cy-
tometer and data were analyzed with FlowJo software.

For intracellular staining, the Fc-blocked cell surface was
stained with antibody cocktails on ice for 1 hour. After
washing with FACS buffer, the cells were fixed using Cyto-
fix/Cytoperm solution (BD) for 20 minutes on ice, followed
by washing with Perm/Wash solution (BD). Intracellular
staining was performed using PE-Il1b (BioLegend) for 1
hour on ice. The cells were washed again with Perm/Wash
solution twice and analyzed by flow cytometry using a BD
LSR Fortessa cytometer.

16S Ribosomal RNA Metagenomic Analysis
Bacterial DNA was extracted using the PowerMax Soil

DNA Isolation Kit (12988-10; MO BIO). The quality of the
extracted genomic DNA was validated according to the
absorbance ratio at 260 nm and 280 nm (A260/280) using
and recovery of macrophage activity. (A) Scheme of the
macrophages in the BM and spleen. Four-week-old FVB male
; vehicle control) or various doses of busulfan via the intra-
BM cells and splenocytes was performed, first gating on live
D11b, B220, or CD3. (D) Flow cytometry of stomach macro-
live (DAPI-), single, and CD45þ cells, and further distinguished
p (n ¼ 4 mice). Stomach tissues were stained immunohis-
80þ cells were counted in high-power fields (HPFs). Scale bar:
tomach mucosal gland presented as a box-and-whiskers plot
hages (left) and peritoneal macrophage (PMs) (right) incubated
(n ¼ 4 mice). (I) Stomach bacterial numbers. Left: Number of
t: Number of colonies on blood agar plates in an anaerobic
means ± SD. **P < .01, ***P < .001, ****P < .0001. DAPI, 40,6-

http://www.r-project.org


Figure 9. scRNA-seq analysis of the mouse stomach. (A) Violin plots showing the number of features, the number of read
counts, and the percentage of mitochondria genes in individual cells. (B) Batch correction of uniform manifold approximation
and projection (UMAP) between Hdcþ/þ and Hdc-/- stomach cells. (C) UMAP from 2-month-old mouse Hdcþ/þ and Hdc-/-

stomach cells. (D) Identification of assigned cell types. Clusters 1 and 2, pit cells 1 and 2 respectively; cluster 3, isthmus cells;
cluster 4, mucous gland cells; cluster 5, chief cells; clusters 6–8, parietal cells 1–3 respectively; cluster 9, enterochromaffin-like
(ECL) cells; cluster 10, epithelial cells; cluster 11, epithelial stem cells; cluster 12, immune cells; and cluster 13, red blood cells
(RBCs). (E) Average expression levels (color scheme) and percentage of cells (spot size) expressing the top genes across the
13 clusters. (F) Heat map of differentially expressed genes for each cluster with an area under the receiver operating curve cut-
off value �0.85. (G) UMAP plots showing the expression patterns of cell-type–specific marker genes.
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an Epoch spectrophotometer (Biotek, Winooski, VT). The
concentration of genomic DNA was determined on a Pico-
Green system (P11496; Invitrogen), and the quality was
validated further by gel electrophoresis.

16S ribosomal DNA amplicons were amplified with a
bacterial primer pair53 containing a forward overhang
adapter sequence (341F: 5’-CCTACGGGNGGCWGCAG-3’,
805R: 5’-GACTACHVGGGTATCTAATCC-3’). The first PCR
mixture included Herculase 5� Reaction Buffer, deoxy-
nucleoside triphosphate mixture (25 mmol/L each), 1 U
Herculase II polymerase (600677; Agilent), 5 mmol/L
overhang primers, and 10 ng template DNA, and amplifica-
tion was performed with the following program: 95�C for 3
minutes (initial denaturation); 25 cycles of 95�C for 30
seconds (denaturation), 55�C for 30 seconds (annealing),
and 72�C for 30 seconds (extension); and final extension at
72�C for 5 minutes. The amplicon obtained from this first
PCR was purified using Agencourt AMPure XP Reagents
beads (A63881; Beckman). The second PCR mixture
included Herculase 5� Reaction Buffer, deoxynucleoside
triphosphate mixture (25 mmol/L each), 1 U Herculase II
polymerase, Nextera XT Index Primer (FC-131-1001; Illu-
mina, San Diego, CA), and 5 mL amplicon obtained from the
first PCR; amplification was performed according to the
same conditions described earlier except that 10 cycles
were used from denaturation to extension. The amplicon
obtained from this second PCR also was purified using
Agencourt AMPure XP Reagents beads. The length and
concentration of PCR amplicons were determined using
Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA), and
sequencing was performed using a MiSeq 250 paired-end
system (Illumina) according to the manufacturer’s manual.

FASTQ files were generated from MiSeq raw data using
Real Time Analysis and bcl2fastq (v2.20.0.422). Paired-end
data in each sample were assembled to a single sequence
using FLASH (v1.2.11).54 Obtained sequences were analyzed
using the CD-HIT (cluster database at high identity with
tolerance)-EST–based CD-HIT-OTU55 program for removing
error sequences such as low-grade, ambiguous, and chimera
sequences. After removing the error sequences, the total
species level of operational taxonomic units was generated
by clustering sequences with a similarity threshold of 97%.
Representative sequences in each operational taxonomic
unit were analyzed by BLASTN (v.2.4.0)56 and taxonomic
assignment was performed according to the National Center
for Biotechnology Information 16S Microbial reference
database. However, we did not identify taxa with a query
coverage lower than 85% according to the reference data-
base and sequence identity lower than 85% for matched
domains. Raw sequence data have been deposited in the
NCBI Sequence Read Archive database (BioProject ID:
PRJNA880436).
Generation of BMDMs
The femurs were obtained from 4-week-old Hdcþ/þ and

Hdc-/- mice. The epiphyses of the bones were removed with
sterile scissors and the BM was flushed out with a 26G
needle syringe filled with PBS. BM cells were centrifuged at
494 � g for 5 minutes and resuspended in BMDM medium
(RPMI 1640, 10% FBS, 100 mg/mL streptomycin, and 100
U/mL penicillin) with 100 ng/mL GMCSF. The cells then
were seeded on 12-well plates and cultured in a 37�C, 5%
CO2 incubator for 7 days. Three days after cell seeding,
the cell culture plate was replaced with fresh BMDM
medium.

Phagocytosis Assay, Complement Opsonization,
and CFSE Labeling of Bacteria

Stomach cells were suspended in RPMI-1640 (5% FBS)
medium at 2 � 105 cells/mL. Each group of cells was seeded
on 12-well plates and incubated for 6 hours in a 37�C, 5%
CO2 incubator. Then 1.0-mm FluoSpheres polystyrene beads
(580/605) (Invitrogen) were added to each well and incu-
bated for 30 minutes with gentle shaking. To harvest the
cells, the wells were washed with PBS, and 0.5 mL of 0.25%
trypsin-EDTA (Gibco) was added for 5 minutes. For flow
cytometric analysis, the harvested cells were washed with
FACS buffer and blocked with Fc Block (BD) for 10 minutes at
4�C. Cell surface staining was performed in FACS buffer con-
taining PerCP/Cy5.5-CD45 and fluorescein-5-isothiocyanate
(FITC)-CD11b on ice for 1 hour. After washing with FACS
buffer 3 times, the cells were analyzed using the BD LSR
Fortessa cytometer. FluoSpheres polystyrene beads were
detected according to PE fluorescence.

For analysis of stomach macrophage phagocytic activ-
ity to H pylori–SS1, Helicobacter felis, L monocytogenes,
and S flexneri, the bacteria were opsonized by incubating
with normal murine serum for 60 minutes at 25�C with
rotation and washed 3 times with PBS. Complement-
opsonized bacteria then were labeled with 1 mmol/L of
CFSE (65-0850-84; eBioscience) for 20 minutes at 25�C in
the dark. CFSE-labeled bacteria were washed with PBS,
centrifuged at 1700 � g for 10 minutes, and incubated
with 100% FBS for 10 minutes at 37�C. CFSE-labeled
bacteria were washed again, added to each well at 1 �
108 CFU per well, and incubated for 30 minutes in a 37�C,
5% CO2 incubator. The subsequent steps were the same as
described earlier for assessment of flow cytometric anal-
ysis. For macrophage-receptor neutralization, the cells
were pretreated with 1 mg/mL isotype-matched control
IgG, anti-CD21/35 (7E9), or anti-VSIG4 (NLA14) for 30
minutes before infection.

Stomach Bacteria Quantification
The total stomach tissue was opened by cutting the

greater curvature and the contents of the stomach were
obtained without PBS washing. After the forestomach was
discarded, the body and antrum tissues were cut into
approximately 1-mm3 pieces, and a one-fifth volume sam-
ple was placed in 1.5-mL tubes containing 1 mL PBS and
vortexed vigorously for 20 seconds. The sample was seri-
ally diluted by transferring 100 mL to a new 900-mL PBS
tube. To count the stomach bacteria CFU, 20 mL of the
diluted sample was spotted 4–5 times on blood agar (Asan
Pharmaceutical), Luria-Bertani agar (Sigma Aldrich), or
brain heart infusion agar (BD) and incubated for 5 days at
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37�C in an aerobic or anaerobic condition. For anaerobic
incubation, agar plates were placed in the chamber in the
presence of GasPak (BD).
Microbiota Depletion and Acidification
To generate microbiota-depleted FVB mice, the mice

were supplied water containing an antibiotic cocktail (1 g/
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L ampicillin, 0.5 g/L vancomycin, 1 g/L metronidazole, 1
g/L neomycin, and 2.5 mg/L amphotericin B) for 7 days,
which was withdrawn 24 hours before inoculation. At
day �1, the mice were orally injected with the stomach
microbiota obtained from a 4-week-old FVB mouse. The
next day (day 0), HCl-treated water26 was supplied for 30
days to create an acidified stomach environment. In brief,
the water was acidified by adding 0.215 mL pure HCl
(12N; Sigma) to 1 L water (pH 7) after autoclaving, and the
pH was confirmed to be 2.6–2.8. The HCl-treated water
was changed every other day. The stomach pH was
determined at an average of 9 spots using Hydrion Bril-
liant pH dip sticks (Sigma).
Immunoblot Analysis
BM cells were pelleted and lysed in RIPA buffer

(Sigma) with Halt Protease and Phosphatase Inhibitor
Cocktail (Thermo) for 45 minutes on ice and then centri-
fuged at 16,100 � g for 10 minutes at 4�C. Total proteins
extracted from cells (40 mg) were run on a sodium dodecyl
sulfate–polyacrylamide gel electrophoresis gel, trans-
ferred to polyvinylidene fluoride membranes (IPVH00010;
Millipore), and developed with antibodies against
phospho-ERK (Cell Signaling Technology), ERK (Cell
Signaling Technology), phospho-p38 (Cell Signaling Tech-
nology), p38 (Cell Signaling Technology), phospho-JNK
(Cell Signaling Technology), JNK (Cell Signaling Technol-
ogy), and b-actin (Abcam). The bound antibodies then
were reacted with horseradish peroxidase–linked anti-
rabbit IgG or anti-mouse IgG secondary antibody and
detected by SuperSignal West Femto Maximun Sensitivity
Substrate (Thermo).
Generation of Chimeric Mice
Busulfan-conditioned BM transplantation was conducted

according to the method of Ashizuka et al.30 Busulfan (250 mg;
Sigma) was dissolved in 1 mL dimethyl sulfoxide (Sigma), and
100 mL of the solution was mixed with 900 mL dimethyl
sulfoxide and 4 mL prewarmed (37�C) PBS to create a 5 mg/
mL solution. The age- and sex-matched 4-week-old male BM-
recipient mice were weighed and 0.5 mg/20 g of busulfan
was injected intraperitoneally 3 times every other day. Six
days after the first busulfan injection, T-cell–depleted male BM
Figure 10. (See previous page). Single-cell transcriptome atla
manifold approximation and projection (UMAP) clustering of imm
each cluster with an area under the receiver operating curve c
GMp. M1- or M2-type gene signatures are highlighted in red
macrophage marker genes. The y-axis shows the log scale–norm
characterize GM1, GM2, and GMp macrophages. (E) Two-mon
single cells, and CD45þ cells; CD45þ cells were distinguished b
and (2) CD11bþF4/80- and further identified by MHCIIþ. (F) Com
(SSC-A) levels between the GM1, GM2, and GMp macrophage
F4/80 (red), MHCII (green), and DAPI (blue) in the mouse stom
Hdc-/- stomach mucosal tissues were subdivided into 10 fra
calculated for each region. (H) Representative IF images of the
and quantification of F4/80-MHCIIþ cells in a 0.24-mm2

field. S
***P < .001. DAPI, 40,6-diamidino-2-phenylindole; Foveolar, fove
janus kinase; KRAS, kirsten rat sarcoma viral oncogene homolo
transducer and activator of transcription; T, T cell; TNF, tumor
cells were prepared for transplantation. The tibias and femurs
obtained from donor mice were flushed with Ca2þ/Mg2þ-free
PBS (Sigma) using a 26G needle, and the BM cells were filtered
through a 70-mm cell strainer (Falcon) into a 50-mL tube. The
cells were centrifuged at 300 � g for 5 minutes and resus-
pended in ice-cold magnetic-activated cell sorting (MACS)
buffer (PBS, pH 7.2, 0.5% bovine serum albumin, 2 mmol/L
EDTA). T cells were depleted using CD3ε microbeads (Milte-
nyi) according to the manufacturer’s protocol. In brief, the cells
were resuspended in 100 mL MACS buffer and labeled with 10
mL CD3ε-biotin antibody per 107 total BM cells for 10 minutes
on ice. The cells were washed by centrifugation (300 � g for
10 min) and resuspended in 80 mL MACS buffer. Twenty mi-
croliters of antibiotin microbeads were added to the cells,
incubated for 15 minutes on ice, washed, resuspended, and
applied to the LD column (Miltenyi) to deplete CD3εþ T cells
from total BM cells. T-cell–depleted BM cells were resus-
pended in PBS at 2 � 108 cells/mL and 200 mL of the sus-
pension was delivered to the recipient mouse by intravenous
injection to the tail vein. Busulfan-mediated specific cell
depletion and BM transplant-mediated cell reconstitution were
validated by flow cytometric analysis.
scRNA-seq
scRNA-seq libraries were prepared using 10� chromium

Next GEM Single Cell 3’ Library and Gel Bead Kit v3.1 (10x
Genomics, Pleasanton, CA) and Chromium Single Cell Chip G
(10x Genomics) according to the manufacturer’s instructions.
The cell suspensions were diluted in nuclease-free water to
achieve a targeted cell count of 10,000. The cell suspension
was mixed with Master Mix and loaded with Single Cell 3’ v3.1
Gel Beads and partitioning oil into a chromium Next GEM Chip
G system. RNA transcripts from single cells were uniquely
barcoded and reverse-transcribed within droplets. cDNA
molecules were pooled subject to an end-repair process,
the addition of a single “A” base, followed by ligation of the
adapters. The purified libraries were quantified using qPCR
according to the Kapa Biosystems (London, UK)_qPCR
Quantification protocol and qualified using the Agilent
Technologies 4200 Tape Station (Agilent Technologies,
Santa Clara, CA). The libraries were sequenced using the
HiSeq platform (Illumina) according to the read length as
instructed in the user guide.
s of mouse stomach macrophages. (A) Highlighted uniform
une cells. (B) Heat map of differentially expressed genes for

ut-off value �0.85. (C) Hallmark analysis of GM1, GM2, and
. (D) Violin plots of the expression levels of representative
alized read count. (E and F) Flow cytometry gating strategy to
th-old mouse stomach cells were first gated on live (DAPI-),
y (1) CD11bþF4/80þ and further identified by IL1bþ or CD93þ,
parison of forward scatter-area (FSC-A) and side scatter-area
s (n ¼ 3 mice). (G and H) Immunofluorescence (IF) staining of
ach tissue. (G) To quantify F4/80-MHCIIþ cells, 2-month-old
ctions (from the base to pit), and F4/80-MHCIIþ cells were
stomach fundus region in 1-year-old Hdcþ/þ and Hdc-/- mice,
cale bar: 100 mm. Data are shown as means ± SD. **P < .01,
olar cell; GM1, GM2, and GMp, stomach macrophages; JAK,
g; Mast, mast cell; SSC-H, side scatter-height; STAT, signal
necrosis factor.



Figure 11. Molecular and functional comparison between HdcD/D and Hdc-/- GMs. (A) Highlighted Hdcþ/þ and
Hdc-/- GM clusters from Figure 9A, and determination of cell numbers in each cluster. (B) Scatter plots showing
the differentially expressed gene sets between Hdcþ/þ and Hdc-/- GM clusters. (C) Violin plots of the expression
levels of phagocytosis-related genes in GM clusters. (D) Phagocytosis assay of Hdcþ/þ and Hdc-/- stomach GM1,
GM2, and GMp cells using CFSE-labeled H pylori–SS1. The percentage of CFSE-positive cells was calculated (n ¼
6 mice). (E) Phagocytosis assay of Hdcþ/þ and Hdc-/- stomach GM1, GM2, and GMp cells using CFSE-labeled L
monocytogenes or S flexneri. The percentage of CFSE-positive cells was calculated (n ¼ 6 mice). (F) The
phagocytic activities based on panels D and E of each macrophage population were compared. Data are pre-
sented as means ± SD. **P < .01, ***P < .001, ****P < .0001. FDR, false discovery rate; FITC, fluorescein-5-
isothiocyanate; Hp, Helicobacter pylori; LM, Listeria monocytogenesS; NS, not significant; NES,
normalized enrichment score; SF, Shigella flexneri.
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Figure 12. Impaired expression of phagocytosis-related receptors and receptor-mediated phagocytosis in stomach
macrophages of Hdc-/- mice. (A) Expression of CD64, CD21/35, CD204, CD14, and VSIG4 was determined using flow
cytometry on GM1, GM2, and GMp populations obtained from the stomach tissue of Hdcþ/þ and Hdc-/- mice. (B) Phago-
cytosis assay of control IgG (con-IgG)–, anti-CD21/35–, or anti-VSIG4–treated Hdcþ/þ and Hdc-/- stomach GM1, GM2, and
GMp cells using CFSE-labeled H felis. The percentage of CFSE-positive cells was calculated (n ¼ 3 mice). Data are presented
as means ± SD. *P < .05, **P < .01, ***P < .001. SSC-H, side scatter-height.
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Processing and Analysis of scRNA-seq Data
Cell Ranger (version 3.1.0, 10x Genomics) was used to

process the raw data. The raw unique molecular identifier
count matrix was converted into a Seurat object by the R
package Seurat (version 3.2.3). The quality-control filtering
of cells and genes was performed only using cells with at
least 200 detected transcripts; cells with more than 30
mitochondrial DNA read counts were excluded. In addition,
to eliminate potential doublets, single cells with more than
6000 genes detected were filtered out. Finally, 20,895 single
cells remained, which were applied in downstream analyses
using Seurat, following uniform manifold approximation
and projection dimensional reduction. To remove batch ef-
fects, we used fastMNN, which detects mutual nearest
neighbors of cells in different batches. After correcting for
batch effects, the single cells were clustered using Find-
Neighbors (using the 30 principal components for dimen-
sion reduction) and the FindClusters function (resolution ¼
2) in Seurat. Conventional markers were used to categorize
every cell cluster into a known biological cell type. First,
total cells were classified into 32 distinct clusters and
similar clusters were merged based on the number of DEGs
(>10). Next, the cells were classified into 13 clusters and 10
cell types were annotated based on conventional markers.
The immune cell cluster (370 cells) was isolated from the
total stomach cells and reclustered by Seurat; the immune
cells were classified into 7 distinct clusters. The Seurat
Findallmarkers function was executed to identify preferen-
tially expressed genes in clusters or DEGs between Hdc-/-

and wild-type cells. Heatmaps were generated by the
DoHeatmap function in the Seurat package. GSEA was con-
ducted using the EnrichR package (version 3.0), selecting
the top 18 genes from each cell type for the HALLMARK
analysis. Pathway analyses were performed with GSEA
(https://www.gsea-msigdb.org/gsea/index.jsp), and the re-
sults were visualized by volcano plots generated using the
EnhancedVolcano package (version 1.4.0). Raw sequencing
data have been submitted to Korean Nucleotide Archive
(KoNA) database repository (KRA2100216).

Quantification and Statistical Analysis
Statistical analyses were performed with Prism soft-

ware (GraphPad). To evaluate statistical significance, dif-
ferences between groups were compared with the Student
t test. A P value less than .05 was considered statistically
significant. Statistical details, including sample sizes, for
each experiment are provided in the relevant figure
legends.
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