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Abstract

Background Type I gastric neuroendocrine tumors (gNETs) arise from hypergastrinemia in patients with autoimmune chronic
atrophic gastritis. According to the classical model, the gastric H+/K+ ATPase was the causative autoantigen recognized
by CD44 T cells in chronic autoimmune scenario that secretes IL-17 and correlates with parietal cell (PC) atrophy, which
drives to gastric achlorhydria and increases the risk for gastric neoplasms. However, the mechanism by which the inflam-
matory response correlates with PC atrophy is not clearly defined.

Methods Recently, we found that the ATP4APR70C mytation impaired PC function and gastric acidification, which drove
familial gNET. Our group constructed a knock-in mouse model for the ATP4A mutation, which has served us to better under-
stand the relation between impaired capability to export protons across the plasma membrane of PCs and tumor progression.
Results The ATP4APR7%3C mutation drives gastric achlorhydria, but also deregulates the acid—base balance within PCs,
affecting mitochondrial biogenesis. Mitochondrial malfunction activates ROS signaling, which triggers caspase-3-mediated
apoptosis of parietal cells. In addition, when gastric euchlorhydria was restored, mitochondrial function is recovered. Infection
by H. pylori promotes destabilization of the mitochondria of the PCs by a mechanism similar to that described for APT4AP
R703C carriers.

Conclusions A genetic origin that drives mitochondria alteration would initiate the gastric chronic inflammation instead of the
classical IL-17 secretion-mediated mechanism explanation. Gastric euchlorhydria restoration is suggested to be indicated for
mitochondrial recover. Our results open a new window to understand gastric neoplasms formation but also the inflammatory
mechanisms and autoimmune disorders conducted by genetic origin that composes a premalignant scenario.

Introduction

Gastric acidification is achieved through the H+/K+ proton
pump (ATP4A) of the parietal cells (PCs), which release H+
to form gastric acid (HCI) in the gastric lumen [1]. PCs are
positively regulated by enterochromaffin-like (ECL) cells
after binding of gastrin to the CCKB receptor (see Ref. [2]
for a review). PC and ECL cells are located in the base of
the oxyntic glands, which differentiate from neck mucosa
cells (NMCs) in the upper part of the gland (isthmus) [3].
Proliferation and migration of differentiated NMCs are coor-
dinated by the acidity of the stomach and different growth
factors activated by gastrin.

Type I gastric neuroendocrine tumors (gNETs) have a
low proliferation rate (based on Ki67 staining) and arise
in patients with autoimmune chronic atrophic gastritis [4].
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gNETs are diagnosed by positive staining for the biomark-
ers chromogranin A (chr), synaptophysin, and somatostatin
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receptor 2 (SSTR2) [5]. Tumor progression is classically
described to arise from the hypergastrinemia that caused
the chronic gastritis, followed by neoplasia of ECL cells;
it involves destruction of PCs (atrophy) and correlates with
gastric achlorhydria [6]. However, we recently described dif-
ferent families affected with gNETSs and autoimmune chronic
atrophic gastritis, which was explained by mutations in the
ATP4A and PTHIR genes, both involved in gastric acid
regulation [7, 8]. A knock-in mouse model (KI/KI) with
one of the mutations found in homozygosis in the human
ATP4A gene (p.R703C) also lacked the capability to trans-
port protons across the plasma membrane of PCs, impairing
the acidification of the stomach. However, 1-year-old KI/KI
mice (KI/KI,) only recapitulated premalignant conditions
such as inflammation, atrophic gastritis, and metaplasia [9].
Even though none of the mouse models for genes involved in
chlorhydria/gastrin regulation recapitulate gastric dysplasia
(see Ref. [10] for a review), our KI/KI model allowed us to
assess the relationship of proton pump malfunction and the
lack of gastric chlorhydria with hypergastrinemia and gNET
progression. In addition, treatment of KI/KI mice with
acidified water in the diet both prevented and reverted the
development of the premalignant phenotype, demonstrating
that achlorhydria was the primary cause of tumorigenesis
in families affected with mutations in the ATP4A gene [9].

Besides the genetic origin (mutations in the ATP4A gene),
other risk factors have been described for gastric neoplasms
severe dysplasia, gastric cancer [11], and gNETs [12].
Human autoimmune gastritis is been described to arise from
IL-17-depending innate autoimmune response mediated
by CDH+ T cells [13], which recognize H4+/K+ ATPase
(ATP4A) (anti-parietal cells antibodies) [14], and activa-
tion of the NLRP3 inflammasome-reactive oxygen species
(ROS) pathway [15]. NLRP inflammasome is a multi-pro-
tein intracellular pattern recognition receptor complex that
facilitates the cleavage of the inflammatory caspases and
secretion of the pro-inflammatory cytokines which, in turn,
triggers an immune response [16]. Recently, using a mouse
model that expresses a transgenic T-cell-receptor specific
for the autoantigen H+/K+ ATP4A (TxA23) [17], a cor-
relation between the grade of gastric atrophy and the pro-
inflammatory cytokine IL-17 was described [18]. Caspase-
3-dependent apoptosis of parietal cells was observed in vitro
and in organoids derived from the TxA23 model [18].

On the other hand, H. pylori mimics PC antigens in
human autoimmune gastritis, thus preventing the adaptive
immune response and reducing gastric acidity [19]. In addi-
tion, secretion of IL-17 has also been described in H. pylori
infection. Treatment of H. pylori-infected mice with an anti-
IL-17 antibody significantly reduced the H. pylori burden
and inflammation of the stomach [20].

Both risk factors (autoimmune response and H. pylori
infection) involve gastritis that progresses to chronic

inflammation, PC atrophy, neck mucous cell (NMC) hyper-
plasia, metaplasia, and eventually intraepithelial dysplasia
[21]. However, the mechanism by which the inflammatory
response correlates with IL-17 secretion and PC atrophy is
not fully understood [12]. In the present study, we investi-
gated the genetic inactivation of ATP4A and chronic gastritis
in our KI/KI mouse model to better understand their cor-
relation with the autoimmune response and neoplasia pro-
gression in human patients with mutations affecting gastric
euchlorhydria.

Materials and methods
Mice

A previously published [9] knock-in mouse model (KI/
KI) for the human mutation ATP4APR793C was used in this
study. All animal procedures were previously approved
by CNIO (Register number: IACUC.043-2014) and the
Institutional Animal Ethics Committee (Register number:
PROEX?292/14). The mouse model is registered in the MGI
database (Atp4a™! 10V MGI: 6,118,153, URL: https://
www.informatics.jax.org/allele/MGI:6118153). Sample
collecting was performed according ARRIVE guidelines.

Samples

DNA and RNA samples were collected from formalin-
fixed, paraffin-embedded (FFPE) gastric tissues from three
wild-type (wt) mice and three 2-year-old KI/KI mice (KI/
KI,). Samples from two different regions of the stomach
were studied: positive for the anti-chromogranin A antibody
(chr+) and negative for the anti-chromogranin A antibody
(chr—), which correspond to the premalignant conditions
observed in the 1-year-old KI/KI mice (KI/KI,). DNA and
RNA samples from gastric tissue of KI/KI, mice from pre-
vention and reversion studies were also collected [9]. No
gender-related differences were previously found, and there-
fore, no biological replicas regarding male and female mice
were considered at this point.

DNA and RNA samples of FFPE gastric tissue patients
described in Calvete et al. [7] (homozygous for the
ATP4APR793C mutation) and Calvete et al. [8] (heterozy-
gous for the ATP4AP- 8L mytation) were also collected.
Control DNA and RNA (Wt) were obtained from FFPE gas-
tric tissue from two stomach reduction surgery of patients
without gastric disease. IHC performed in gNET patients
were replicated in a series of six patients infected with H.
pylori. DNA and RNA extraction was performed from FFPE
tissues using the Maxwell® RSC DNA FFPE Kit following
the manufacturer’s instructions. All samples were collected
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from the fundus/corpus area of the stomach, where the oxyn-
tic glands are located.

mtDNA/nDNA ratio analysis

mtDNA/nDNA ratio was calculated comparing the expres-
sion of mitochondrial-encoded genes versus nuclear-encoded
genes. In mice, mt-col and tfam were used as mitochon-
drial and nuclear-encoded genes respectively. In humans,
the same analysis was performed using the MT-RNR2 and
GAPDH genes. Expression of Thp and 36B4 genes was used
to normalize the obtained results for mouse and human sam-
ples, respectively.

RNA samples and quantitative RT-PCR

Five hundred nanograms of total RNA from each sample
were reverse transcribed using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) in a final
volume of 20 pL using a standard protocol. The concen-
tration and purity of isolated RNA were assessed by Nan-
oDrop™ 2000 and 2000c Spectrophotometers (Thermo
Fisher Scientific). All primers were designed with Primer3
software (v. 0.4.0). The sequences of the primers are listed
in Supplementary Table 1. Quantitative RT-PCR (qRT-PCR)
using the GoTagq® qPCR Master Mix (Promega) was per-
formed to evaluate gene expression. Samples were amplified
using the standard cycling conditions. All qRT-PCR reac-
tions were performed in triplicate. Thp and GAPDH were
used as internal controls in mice and humans, respectively.
The analysis was performed using QuantStudio™ Real-Time
PCR Software v1.3. The 272 method was applied to calcu-
late the relative expression of genes for each sample.

Immunohistochemical studies

Blocks were cut into 5-pm-thick sections and stained with
Hematoxylin and Eosin (H&E) for light microscopy exami-
nation. Details of antibodies used in mouse and human FFPE
are shown in Supplementary Tables 2 and 3, respectively.

Electron microscopy

Electron microscopy was performed on gastric tissue of a
KI/KI, mouse to evaluate tumor progression. One square
millimeter slices of stomachs from a wt and a KI/KI; mouse
were fixed overnight with paraformaldehyde (4%) + glutar-
aldehyde (2%) in Hepes buffer (0.4 M) at 4 °C Fixer solution
was removed the next day and samples were washed with
0.4 M Hepes buffer. Sections of 1 pm thick were stained
with toluidine blue and examined to select areas of inter-
est. Selected sections were embedded in Spurr’s resin and
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ultrathin sections were cut using a microtome for detailed
examination by electron microscopy.

Results
Evaluation of 2-year-old mice

One-year-old KI/KI mice (KI/KI,) recapitulated most of the
symptoms seen in human pathology, including hypergas-
trinemia caused by gastric achlorhydria. However, only pre-
malignant conditions, chronic gastritis and mucous metapla-
sia, were observed, whereas increased chromogranin A (chr)
staining was not observed. We monitored the KI/KI mice a
year later, and observed tumor development at 2 years (KI/
KI,) (Fig. 1a). Focal dysplastic positive staining for chr and
SSTR2 and low Ki67 staining was observed in these mice
(Fig. 1b). Further studies were performed on chr positive
(+) and chr negative (—) areas. Chr+ samples correspond to
KI/KI, mice positive for tumor biomarkers, while chr— sam-
ples correspond to premalignant conditions as observed in
the KI/KI, mice. Delayed positive chr staining suggested a
slower progression of gNETSs in mice compared to human
patients carrying the same mutation, which may indicate
with a different response to hypergastrinemia conditions in
mice and humans.

Different response to hypergastrinemia in humans
and mice

To evaluate the delayed gNET formation in mice, we
explored the role of hypergastrinemia in gastric mucosa pro-
liferation. Gastrin activates the gastrin receptor (CCKBR) in
ECL cells to regulate proliferation, development, and home-
ostasis of oxyntic glands through MAPK and PI3K/mTOR
pathways. Activation of MAPK and PI3K/mTOR pathways
was tested using antibodies against activated (phosphoryl-
ated) forms of P38 and S6, respectively. First, non-tumor
tissues from a human patient homozygous for the ATP4AP
R703€ mutation and from KI/KI, mice were compared with
healthy stomachs (normal tissue from non-affected human
and mouse). Slight differences regarding the P-P38 stain-
ing were found between healthy and ATP4APR7%3C mutation
carriers in humans that were not observed in mice (Supple-
mentary Fig. 1). However, different P-S6 staining patterns
were observed; in humans, staining with anti P-S6 was pre-
dominantly located in the basal region of the oxyntic glands
(ECL cells) in Wt tissue, while normal (N) tissue of gNET
patients with the ATP4APR703C mutation showed overex-
pression of this phosphorylated protein in the entire gas-
tric wall (Fig. 1c). In wt mice, this phosphorylated protein
was also highly expressed in the basal region of the oxyntic
glands and in the isthmus (proliferation area). However, the



A genetic origin for acid—base imbalance triggers the mitochondrial damage that explains the... 55

b

K1/

1000 uin~

¢ P-56 staining (Human)

- g%
o AT

T G
N W b

N NNV

&
o

P-S6 stain

ing (mouse)

Ay

Cell types

& rc
W e
[z
O nmc

Fig. 1 Gastric histopathology of the KI/KI mice. a Macroscopic
image of representative wt and KI/KI, stomachs. Scale bar (shown
in white): 1 cm. b Representative H&E and IHC staining of a KI/
KI, mouse stomach. Muscular layer and gastric lumen are indicated
with white and black arrows, respectively. Left panel; H&E stain-
ing shows not only the premalignant condition with high number of
epidermoid cysts and vacuolization of gastric mucosa cells observed
in the 1-year-old KI/KI; mice, but also dysplastic cell masses (black
arrowhead). Right panel: THC with anti-ChrA, SSTR2 and Ki67
antibodies of a representative KI/KI, stomach. ¢ IHC with anti-P-S6
antibody. Left panels: staining in human gastric tissue as indicated.
P-S6 expression is increased by gastrin mainly in ECL cells (base
of the glands) in the stomach of a healthy subject (wt). IHC stain-
ing in normal (N) tissue of a gNET ATP4APR703C patient. Increased
staining correlates with increased activation of the CCKBR receptor
in a massive response to hypergastrinemia. Right panels: staining in
mouse gastric tissue as indicated. IHC with anti-P-S6 antibody also

KI/KI, mouse model did not overexpress this phosphoryl-
ated protein. Finally, a slightly increased P-S6 staining signal
was encountered in the KI/KI, mice (Fig. 1c), showing a

stains the ECL cells at the base of the glands and the isthmus region.
Increased expression is not observed in the KI/KI; mouse compared
to wt stomach, but increased staining is seen in the KI/KI, mouse. d
Electron microscopy (EM) of a wt mouse gastric neck mucosa sec-
tion. Colored schematic representation of the cell types is shown in
the cell type’s legend. PC cells show prominent cytoplasmic tubulov-
esicles and intracellular canaliculi containing short microvilli along
their apical surface and numerous mitochondria. Scale bar (shown in
red): 1000 um. e Left panel: EM of a KI/KI; mouse neck mucosa sec-
tion. ECL and NMC have a reduced number of granules and are heav-
ily vesiculated and hyperplasied, respectively. Right panel: detail of
a representative PC with an open-wide canaliculus (asterisk), abnor-
mal mitochondria (white arrowheads), and glycogen granules (white
arrows). Scale bar (shown in white): 1 pm. NMC neck mucosa cells
(proliferating), ECL enterochromaffin cells, PC parietal cells, ZC
zymogenic cells (chief cells)

delay in the hypergastrinemia response. The P-S6 staining
patterns suggest a different proliferation activity between
mice and humans.
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Cellular integrity in the achlorhydric mouse model
(KI/KI)

Cellular integrity and morphology of KI/KI; mouse stom-
achs were evaluated with electron microscopy (EM) to better
understand the effect of achlorhydria during tumor progres-
sion. The oxyntic glands of wt mouse stomachs were first
evaluated. PCs have prominent cytoplasmic tubulovesicles,
numerous mitochondria, and intracellular canaliculi that
contain short microvilli along their apical surface. Entero-
chromaffin-like cells and chief (zymogenic) cells contain
abundant vesicles and prominent rough endoplasmic retic-
ulum (RER), respectively. NMC cells, which differentiate
while migrating to the base of the oxyntic glands, were also
commonly observed (Fig. 1d).

EM revealed no loss of any cell type in KI/KI; mice
(Fig. 1e). However, evident morphology changes and cer-
tain disordered cytoplasms were observed. The RER of chief
cells was unstructured and less abundant, and ECL cells had
a lower amount of secreting granules. Finally, open-wide
canaliculi and fewer and shorter microvilli instead of normal
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Fig.2 Evaluation of parietal cells and mitochondrial function in wt
and KI/KI, mice. a Representative IHC staining with anti-pyruvate
carboxylase (PC) and anti-carbonic anhydrase IX (CA IX) antibodies
in wt (upper panel) and KI/KI, mice (chr+ and chr—) (lower panel);
relative mt-Cytb expression in gastric tissues from 2-year-old mice is
also shown. Detailed (large scale) images are shown for KI/KI, gas-
tric tissues. b Mitochondrial biogenesis: mtDNA/nDNA ratio and
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tubulovesicles were found in PCs. Abnormal mitochondria
and abundant granules of glycogen were observed in the
cytoplasm.

We hypothesized that the lack of H+ export would alter
the internal acid—base balance of PCs, which might alter
mitochondrial function resulting in the observed abnormal
mitochondria. We, therefore, tested the acid—base balance
in the KI/KI, mouse model with anti-carbonic anhydrase
IX (CA IX) antibodies; CA IX is associated with the cell
membrane and directly participates in the acid—base bal-
ance in PCs. Decreased staining was observed in chr+ tissue
compared to wt stomach and chr— tissues (Fig. 2a).

Mitochondrial activity, biogenesis, and ROS
activation of the mitochondrial damage response

Mitochondrial respiration was further evaluated. No differ-
ences were observed in staining with anti-DLST and anti-
SDHA antibodies, which visualize intermediate metabolites
from the Krebs cycle and the Complex II from OXPHOS
(mitochondrial respiration), respectively (Supplementary
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gastric tissues from 2-year-old mice. ¢ Oxidative stress response: rela-
tive expression of Sodl, Sod2, and catalase in wt and KI/KI, (chr+
and chr—) gastric tissues from 2-year-old mice. d Evaluation of mito-
chondria in KI/KI, mice prevention (prev) and reversion (rev) models
(restoration of euchlorhydria)
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Fig. 1). However, immunohistochemistry (IHC) with
anti-pyruvate carboxylase (an enzyme of the Krebs cycle)
revealed a decreased staining in chr+ KI/KI, gastric tissue
compared to wt stomach (Fig. 2a). Oxidative phosphoryla-
tion was also evaluated by measuring gene expression levels
of cytochrome B (CytB; a subunit of the respiratory chain
complex IIT). Down-regulation of gene expression was
observed in both chr— and chr+ tissues compared to wt tis-
sue (Fig. 2a).

Mitochondrial biogenesis was evaluated by assessing the
levels of mitochondrial DNA polymerase y (Polg) and the
transcription factor Tfam, the main regulators of mitochon-
drial biogenesis. A marked up-regulation of Polg and Tfam
was observed in chr+ tissue compared to chr— and wt gastric
tissues, even though we observed a reduction of mtDNA
levels in the chr+ tissue. Tfam might be increased to com-
pensate low mtDNA levels (Fig. 2b).

To validate whether mitochondrial dysfunction activated
the mitochondrial damage response, we determined the gene
expression levels of the main enzymes activated by oxidative
damage caused by reactive oxygen species (ROS). We found
a notably increased expression of superoxide dismutase 1
(SOD1) and superoxide dismutase 2 (SOD2) compared to
wt tissue. Of note, no differences were found in catalase
gene expression of chr+ tissue compared to wt stomach
(Fig. 2c¢). Since catalase only has a cytosolic function, this
result allowed us to localize the damage to the mitochondria,
rather than to the cytoplasm of the PCs.

Mitochondrial function in KI/KI mice with restored
euchlorhydria conditions

Finally, to correlate mitochondrial damage and activated
oxidative stress response (ROS) with a genetic origin
(ATP4APR73C mytation), we explored the mitochondrial
activity in KI/KI, mice treated with acidified water from
birth (prevention model) or during adulthood (reversion
model), as previously described [9]. Administration of
HCl-water from birth (prevention) restored CytB expression
levels and raised mtDNA content. Moreover, the treatment
decreased Polg and Sod2 expression levels, although Sod1
expression was not affected, while Tfam levels increased
compared to wt and untreated KI/KI mice (Fig. 2d). Simi-
larly, administration of HCl-acidified water during adulthood
(reversion model) increased CytB and mtDNA copy num-
ber and lowered Polg and Sod2 expression. Contrary to the
prevention model, in the reverted phenotype, Tfam expres-
sion reached wt levels, while Sod1 expression was mark-
edly reduced (Fig. 2d). Therefore, KI/KI, mice treated with
acidified water in the diet showed partial or complete resto-
ration of the mitochondrial phenotype, demonstrating that
achlorhydria was the main cause of mitochondrial damage.

Mitochondrial damage in KI/KI mice induces
apoptosis and inflammation

The increase of ROS in the cell activates apoptosis and
inflammation. In addition, recent studies have described
that apoptosis drives PC atrophy in spasmolytic polypep-
tide-expressing metaplasia (SPEM), which is a preneoplas-
tic process [22]. We therefore performed THC studies to
evaluate the levels of p21 (cell cycle arrest under damage
conditions) and caspase-3 (activates apoptosis) in the KI/
KI, mouse model. Increased staining was found with both
anti-p21 and anti-caspase-3 antibodies in chr+ tissue com-
pared to the chr— and wt tissue (Fig. 3a). Furthermore, we
observed an increased expression of the IL1b gene (a marker
of inflammation), and an increased ICAM1 gene expression;
ICAM1 is required for the invasion of the gastric mucosa by
mature T cells during the autoimmune response (Fig. 3b).
However, IHC with an antibody against IL-17, the cytokine
that mediates the autoimmune response in chronic atrophic
gastritis, had no staining in chr— or chr+ tissue of the KI/
KI, mice (Fig. 3c).

Human ATP4APR703C patients and H. pylori-affected
patients exhibit mitochondrial damage, oxidative
stress, and caspase-3-mediated apoptosis

of parietal cells

To translate our results from the KI/KI, mouse model to
human patients, we first evaluated mitochondrial biogenesis
and function in FFPE tissue from individuals affected with
gNETs carrying the ATP4AP-R703C mutation from a previ-
ously studied family [7]. mtDNA content and POLG and
TFAM expression increased in tumor tissue (T) compared to
non-tumor (N) stomach tissue of the patients (Fig. 4a). Fur-
thermore, SOD1, SOD2, and catalase were markedly over-
expressed in tumor tissue compared to non-tumor and con-
trol tissues (Fig. 4a). Interestingly, it was recently described
that H. pylori infection involves up-regulation of POLG and
TFAM to alter mitochondrial replication of the host cell [23].
We speculated that the inflammation progression induced by
achlorhydria might be similar to that induced by H. pylori
infection, and we, therefore, evaluated acid—base balance
and caspase-3-mediated apoptosis in a gastric biopsy from
a patient infected with H. pylori. IHC studies with anti-car-
bonic anhydrase IX antibodies showed a reduced expression
of the protein in tumor tissues of the ATP4APR0C patient
and the H. pylori-affected patient compared to control tissue
(Fig. 4b). Finally, IHC studies showed the increased expres-
sion of P21 and caspase-3 in ATP4APR0C patients and H.
pylori—infected tissues compared to control tissue. In addi-
tion, the same IHC studies were performed for patients car-
rying the ATP4APQ8L mytation described in Calvete et al.
[8]. The same observation was found in these individuals
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Fig.3 Activation of apoptotic pathway and inflammation in KI/KI,
mice. a Representative IHC staining with anti-P21 and anti-caspase-3
antibodies in wt and KI/KI, (chr+ and chr—) gastric tissues from
2-year-old mice. Detailed (large scale) images are shown for KI/KI,

with a mutation in the ATP4A gene (Supplementary Fig. 2).
Anti-IL-17 antibody staining was not found increased in
the N tissue of ATP4APR79C patients compared to normal
stomach (Fig. 4c).

Discussion

In a previous study, we observed that 1-year-old KI/KI (KI/
KI,) mice recapitulated the achlorhydria and hypergastrine-
mia scenario, but only the dysplastic premalignant con-
ditions of gNETs [9]. In this work, we observed that the
2-year-old KI/KI mouse model (KI/KI,) developed positive
staining for gNET type I diagnostic biomarkers (chr-A and
SSTR2) and a low KI67 proliferation index (Fig. 1b). This is
the first observation that the mouse model recapitulates gas-
tric dysplasia regarding genes involved in the chlorhydria/
gastrin regulation (see Ref. [10] for a review). In addition,
our observations indicate a delayed tumor progression in
mice compared to humans.

CCKBR (gastrin receptor) activates the proliferation path-
way involved in oxyntic gland homeostasis. Our results sug-
gest that increased anti-P-S6 staining in normal (N) tissue of
eNET human patients corresponds to a massive response to
gastrin, which increases cell proliferation and hyperplasia of
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ECL cells in an achlorhydria scenario. In the KI/KI mouse
model, the lack of euchlorhydria also leads to hypergastrine-
mia. However, the gastrin receptor (CCKBR) did not mas-
sively activate proliferation as observed in human patients
(Fig. 1c), which suggests a different response to high gastrin
levels regarding proliferation activity.

Mitochondrial dysfunction

Electron microscopy revealed important changes in the
morphology of PCs (Fig. 1). The presence of atypical open-
wide canaliculi, abnormal mitochondrial morphology, and
the accumulation of glycogen granules in the PCs of the KI/
KI, mice were also observed in the other knock-out mouse
models for genes involved in gastric acid regulation, and
correlate with a condition of achlorhydria [10, 24].

Our studies with anti-carbonic anhydrase IX antibody
suggest that an impaired acid—base balance within the PC
affects mitochondrial function and biogenesis (Fig. 2). On
the other hand, the marked increase of superoxide dismutase
(SOD) suggests activation of ROS-related oxidative dam-
age signaling in the KI/KI mouse that takes place inside the
mitochondria, since no differences were observed in cata-
lase expression (cytoplasmic ROS increase catalase expres-
sion). Importantly, when the same evaluation was carried
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Fig.4 Evaluation of parietal cells and mitochondrial function in
gNET human patients carrying the ATP4APR73C mytation. a Mito-
chondrial biogenesis (mtDNA/nDNA ratio, POLG, and TFAM) and
oxidative stress response (SODI1, SOD2, and catalase expression)
in gastric tissue from a healthy individual (Wt), compared to nor-
mal (N) and tumor (T) gastric tissue of a gNET patient carrying the
ATP4APRTOCC mytation. b Representative IHC staining with anti-
carbonic anhydrase IX (CA IX) antibody in gastric tissue from a

out in KI/KI, mice treated with acidified water (prevention
and reversion), mitochondrial activity and SOD levels were
partially restored (Fig. 2d), which indicates a correlation
between mitochondrial malfunction and damage activation.
By restoring euchlorhydria, the acid—base balance in the PCs
may be also restored, or at least the accumulation of H+ in
the cytoplasm may be prevented, which we have shown to
interfere with mitochondrial function.

Chr+ areas of KI/KI, mouse stomachs showed increased
expression of p21 (a marker of DNA damage and cell cycle
arrest) and caspase-3 (an effector protein of the apoptotic
pathway), which links the mitochondrial damage to apop-
tosis (Fig. 2d). This observation is in agreement with the
low proliferation rate which we already observed (low Ki67
proliferation index). Apoptosis has been previously proposed

Wt *

healthy individual (Wt), in normal (N) and tumor (T) gastric tissues
of a gNET patient carrying the ATP4APR73CC mytation, and in gas-
tric tissue of a patient with H. pylori (HP) infection. ¢ Representative
IHC staining with anti-p21, anti-caspase-3, and anti-IL-17 antibodies
in gastric tissue from a healthy individual (wt), a gNET patient carry-
ing the ATP4APR7CC mytation (N and T gastric tissue) and gastric
tissue of a patient with H. pylori (HP) infection. Black squares show
detailed (larger scale) images

as a mechanism of parietal cell atrophy that precedes SPEM
[25].

In humans, a gNET patient carrying the ATP4A
mutation also exhibited impaired oxidative phosphorylation
activity, increased oxidative stress response, and increased
mitochondrial replication that leads to activation of PC apop-
tosis, as observed in the chr+ KI/KI, mouse model (Fig. 4).
The same observation was found in the patients carrying the
ATP4AP-Q80L mytation (Supplementary Fig. 2). The loss
of parietal cells has been described to increase proliferation
of gastric stem cells and progenitor cells [26], which is in
agreement with increased P-S6 expression (Fig. 1).

In summary, our results indicate that the lack of H+
export from PCs may alter the internal acid-base balance
and mitochondrial function, probably through alteration of

p.R703C
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the favorable gradient between membranes that may interfere
the function of porins and the ATP synthase (Fig. 5), which
is in agreement with lack of activity of carbonic anhydrase
(Fig. 2). The NLRP3 inflammasome is thought to sense the
disturbance of cellular homeostasis including K* efflux,
Ca®* signaling, and mitochondrial dysfunction rather than
directly recognizing a common motif present in its activators
[27]. In vitro studies have suggested that Ca**mediated mito-
chondrial damage may activate the NLRP3 inflammasome
[28]. Therefore, mitochondria membrane depolarization
would trigger the ROS activation and the caspase-3-medi-
ated apoptosis that lead to atrophy of PCs. Mitochondrial
damage and ROS have been shown to be essential for NLRP
inflammasome activation [29, 30].

Finally, IL-1b and Icam-1 (autoimmune response) were
found increased in chr+ areas of the stomachs of KI/KI,
mice, which indicates that more cytokines may be involved
in driving gastric diseases, as previously suggested [31].
NLRP inflammasome facilitates the secretion of IL-1b,
which in turn triggers an immune response [16]. A cor-
relation between mitochondrial damage, ROS activity and
active IL-1b has been previously described [28]. Different
expression levels of cytokines were also found in patients

a Intracellular hydrogen homeostasis

-

H,0 + CO,

H,CO,

ATP4A

@ Proton pump

Fig.5 Proton generation and transport in parietal cells. a Wild-type
parietal cells. Proton pumps and channels generating favorable pro-
ton gradients are shown (green). Location of the different metabolic
stages of mitochondrial respiration is also shown (red). Oxidative
phosphorylation is a metabolic pathway within the inner membranes
of the mitochondria that transports electrons (OXPHOS complex) to
release H+ to the intermembrane space. The favorable proton gradi-
ent is used by ATP synthase to catalyze the formation of adenosine
triphosphate. On the other hand, carbonic anhydrase participates in
H+ production in the cell cytoplasm, which is released by ATP4A
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with different gastric neoplasms [32], including IL-17 [33].
Thus, the inflammation mechanism must be further evalu-
ated to improve premature diagnosis and the identification
of therapeutic targets. Indeed, the NLRP inflammasome has
been suggested to be a promising therapeutic target for auto-
immune diseases [34].

Genetic origin-mediated autoimmunity mechanism

According to the classical model, cytokines released by acti-
vated immune cells induce PC atrophy and gastric lesions
[35, 36]. Specifically, IL-17 was identified as a critical
cytokine secreted by CD4+ T helper 17 cells (Th17) and
CD8+ T cells of the inflammatory microenvironment that
induces ROS production, which triggers parietal cell death
and autoimmune gastritis (Fig. 6a) [37]. Correlation between
IL-17 secretion and the degree of parietal cell atrophy by
inducing caspase-dependent cell death was observed in the
TxA23 mouse model (autoreactive for ATP4A) [18]. How-
ever, why PCs express the IL-17 receptor in chronic gastritis
was not explained.

Our results show that the KI/KI, mouse model and
ATP4APRT3C patients do not overexpress IL-17.

b Altered H* gradient in deficient ATP4A
patients

-

H,0 + CO,

H,CO,

ATP
synthase

H*

Oxidative
Phosphorylation

Q Favorable gradient import/export

(proton pump) out of the cell to form HCI (gastric acid). b ATP4A-
deficient cells. Proton pump malfunction prevents H+ from being
released from the cell, which results in an alteration of the internal
proton concentration of the parietal cell. Accumulation of H+ within
the cell may alter the favorable gradients used by the mitochondria.
Our results show that malfunction of the mitochondria correlates with
impaired oxidative phosphorylation activity and activation of the oxi-
dative stress response (ROS signaling), which induces parietal cell
atrophy
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Fig.6 Gastritis mechanisms.

a [L-17-dependent autoim-
munity. Inflammation medi-
ates IL-17 cytokine release by
activated immune cells (CD4)
that results in PC atrophy and
gastric lesions. b Genetic-
origin-dependent gastritis. The
ATP4APRT0C mytation drives
gastric achlorhydria and impairs
acid-base balance that results in
mitochondrial malfunction and
ROS activation of the mito-
chondrial damage response (red
arrow), which drives PC atro-
phy and inflammation (green
arrows). ¢ H. pylori infection
gastritis. H. pylori infection
correlates with an increase of
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prevent infection) (red arrow).
To prevent innate autoimmun-
ity, H. pylori infection interferes
with PC function by inducing
alterations of mitochondrial bio-
genesis, which increases ROS
damage and caspase-3-mediated
apoptosis (green arrow), which
leads to PC atrophy and inflam-
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Therefore, PC atrophy did not occur (or at least, not
exclusively) as a consequence of chronic exposure to
the cytokine. Instead, the ATP4APR793C mytation leads
to a deregulation of the acid—base balance that triggers
mitochondrial malfunction, which increases ROS dam-
age signaling that fuels caspase-3-mediated apoptosis
(Fig. 6b). Indeed, administering anti-IL-17A antibod-
ies in the TxA23 mouse model (autoreactive to ATP4A-
mediated atrophy) did not completely reverse parietal cell
atrophy nor chronic gastritis [37], which is in agreement
with our hypothesis. Alternatively, atrophy of PC might
occur through an autophagy-like mechanism, where PC
malfunction triggers CD4+ cells to activate caspase-
3-mediated apoptosis. To prevent cellular damage, ROS-
generating mitochondria are constantly removed by
mitophagy, a specialized process of autophagy [28].

(achlorhydria)

Gastric acid
increase

Innate
Autoimmunity

Inflammation and H. pylori infection

The ATP4APR5C mutation impairs the internal acid-base
balance in PCs, which deregulates mitochondrial DNA poly-
merase and the transcription factor Tfam. A recent study
described that H. pylori infection also induces up-regulation
of polg and Tfam to destabilize mtDNA cargo by saturation
[23]. SPEM has also been observed in H. pylori patients
[38].

Our results also show that H. pylori infection impairs
acid-base balance and increases cell atrophy, cell cycle
arrest and caspase-induced apoptosis (Fig. 4). The pre-
vious studies also demonstrated that H. pylori induces
cell cycle arrest and apoptosis [39] and activation of the
inflammasome [40]. Therefore, the mechanism by which
H. pylori infection triggers atrophic gastric inflammation
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(including loss of parietal cells) may correlate with the
genetic origin-mediated mechanism observed in the KI/
KI, mice and gNET patients (Fig. 6¢). Adaptive immu-
nity of certain epithelial cells (e.g., parietal cells) protects
against infection by increasing gastric acid. Therefore, H.
pylori infection may interfere with PC function to inacti-
vate this protective mechanism.

Both H. pylori infection, which can progress to atro-
phy, pernicious anemia, metaplasia, and gastric cancer
[41, 42], and our genetic-based autoimmune response
activation mechanism may drive mitochondria deregula-
tion, ROS activation, and, finally, cytokine production in
the same manner (Fig. 6b, c). Importantly, mitochondrial
function in the KI/KI, mouse model was partially recov-
ered when euchlorhydria was restored in prevention and
reversion experiments (Fig. 2). This is also an important
clue regarding new therapies for H. pylori eradication.
The same response in H. pylori-infected patients would
be expected after restoration of gastric acid levels to pre-
vent atrophy of parietal cells and progression to gastritis.
More detailed future studies are required to substantiate
this important statement.

In summary, it is accepted that CD4+ T-mediated autoim-
mune chronic inflammation causes parietal cell atrophy and
increases the risk of gastric neoplasms. However, our results
demonstrate that the ATP4APR703C mutation (genetic ori-
gin) found in patients affected with gastric neuroendocrine
tumors (gNETs) leads to PC malfunction, which triggers an
inflammatory response. The ATP4APR7%3C mytation dereg-
ulates the acid—base balance inside parietal cells, which
alters mitochondrial function and biogenesis. Mitochon-
drial malfunction activates ROS, which leads to oxidative
stress-induced damage and caspase-3-mediated apoptosis
and inflammation, which leads to atrophy of PCs. Therefore,
genetic origin-mediated ATP4A malfunction initiates auto-
immune disease; this contrasts with the classical descrip-
tion, according to which the autoimmune response causes
PC atrophy. However, we cannot rule out other mechanisms
of inflammation and autoimmunity affecting PC viability
in other gastric pathologies different than genetic-mediated
lesions. Mitochondrial malfunction was restored when KI/
KI, mice were treated with acidified water. Interestingly,
H. pylori infection promotes achlorhydria by destabilizing
PC mitochondria through a mechanism similar to the one
described in APT4APR703C patients, which suggests that
restoration of gastric euchlorhydria might be indicated in
these patients.
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