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Introduction
It is well established that a prolonged latency period of  chronic inflammation precedes the development 
of  gastrointestinal cancers (1, 2), including gastric cancer (3, 4). However, the mechanisms of  how chronic 
inflammation contributes to gastric cancer development remain unclear (5). Differentiated gastric adeno-
carcinoma arises from a series of  sequential developments comprising chronic inflammation, atrophy of  
acid-secreting parietal cells, expansion of  mucus-secreting neck cells and chief  cell transdifferentiation, and 
dysplasia, leading to neoplasia (3). The development of  metaplastic lesions in the stomach is important in 
that patients who acquire them have an increased risk of  developing differentiated gastric adenocarcinoma 
(6). Two types of  metaplastic lesions of  the stomach have been identified in human patients as precursors to 
gastric adenocarcinoma: (a) intestinal metaplasia and (b) pseudopyloric metaplasia, also defined as spasmo-
lytic peptide-expressing metaplasia (SPEM) (7). Parietal cell atrophy has been previously defined as a neces-
sary step toward the development of  SPEM (8–10). However, recent reports indicate that the loss of  parietal 
cells is not sufficient (11) and requires the contribution of  the inflammatory milieu to trigger SPEM (12).

We observed that absent in melanoma 2 (Aim2), an inflammatory molecule and inflammasome component 
(13–15), was upregulated in mouse models of  SPEM. We therefore used chronic Helicobacter felis (H. felis) 
infection to study the role of Aim2 in this context. Because Aim2 mediates IL-1β and IL-18 cleavage and bio-
activity (13–17), we expected Aim2 deficiency to ameliorate gastric immunopathology during H. felis infection. 
However, in contrast to our anticipated results, Aim2-deficient mice had markedly pronounced gastritis com-
pared with controls. This suggested that Aim2 was necessary for restraining metaplasia via a potentially novel 
function that is likely independent of the inflammasome, which is the focus of this study.

Development of gastric cancer is often preceded by chronic inflammation, but the immune cellular 
mechanisms underlying this process are unclear. Here we demonstrated that an inflammasome 
molecule, absent in melanoma 2 (Aim2), was upregulated in patients with gastric cancer and 
in spasmolytic polypeptide-expressing metaplasia of chronically Helicobacter felis–infected 
stomachs in mice. However, we found that Aim2 was not necessary for inflammasome function 
during gastritis. In contrast, Aim2 deficiency led to an increase in gastric CD8+ T cell frequency, 
which exacerbated metaplasia. These gastric CD8+ T cells from Aim2–/– mice were found to have 
lost their homing receptor expression (sphingosine-1-phosphate receptor 1 [S1PR1] and CD62L), 
a feature of tissue-resident memory T cells. The process was not mediated by Aim2-dependent 
regulation of IFN-β or by dendritic cell–intrinsic Aim2. Rather, Aim2 deficiency contributed to an 
increased production of CXCL16 by B cells, which could suppress S1PR1 and CD62L in CD8+ T cells. 
This study describes a potentially novel function of Aim2 that regulates CD8+ T cell infiltration and 
retention within chronically inflamed solid organ tissue. This function operates independent of the 
inflammasome, IFN-β, or dendritic cells. We provide evidence that B cells can contribute to this 
mechanism via CXCL16.
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Results
Aim2 deletion exacerbates SPEM. We identified Aim2 in a screen of upregulated gastric genes in 2 mouse models 
of SPEM: (a) chronic (6-month) H. felis infection and (b) gastric tissue-specific overexpression of IFN-γ (H+/
K+–ATPase–IFN-γ) (18) (Figure 1A). The upregulation of Aim2 in gastric tissue of chronically H. felis–infected 
mice at 6 months was corroborated by real-time quantitative PCR (RT-qPCR) (Figure 1B). To study the role of  
Aim2 in SPEM, we used mice deficient in Aim2 (B6.129P2-Aim2Gt(CSG445)Byg/J; Aim2–/–) and chronically infect-
ed them with H. felis. We confirmed that Aim2 deletion abrogated Aim2 expression in the stomach (Figure 
1B). Aim2 deficiency worsened gastric immunopathology (Figure 1C), increased stomach weight (Figure 1D), 
exacerbated SPEM (Figure 1, E and F), and enhanced parietal cell atrophy (Figure 1G). All the latter charac-
teristics epitomize features of enhanced gastric preneoplastic development in Aim2–/– mice.

Aim2 lacks a significant effect on gastric inflammasome activity. Because Aim2 functions as a component of  
the inflammasome (13–15), we investigated whether Aim2 was mediating its observed effects by regulating 
IL-1β and IL-18 secretion. We found gastric explants from 6-month infected Aim2–/– stomachs did not 
show a significant effect on the secretion of  IL-1β or IL-18 (Supplemental Figure 1, A and B; supplemental 
material available online with this article; https://doi.org/10.1172/jci.insight.94035DS1). Hence, these 
observations did not provide mechanistic insight into how the loss of  Aim2 led to increased SPEM. This 
prompted us to dissect the mechanism of  how Aim2 inhibits SPEM further.

Aim2 is not required for the expression of  the inhibitory Fcγ receptor. Because a previous report showed that Aim2 is 
necessary for the expression of the inhibitory Fcγ receptor (FcγRIIB) (19), we investigated a possible alternative 
mechanism for Aim2 via this protein. FcγRIIB is a lupus susceptibility protein that suppresses antibody produc-
tion in B cells (20) and blocks maturation of dendritic cells (21). However, we did not observe a significant effect 
of Aim2 deficiency on FcγRIIB expression in the inflamed stomach (Supplemental Figure 1C).

Aim2 deficiency increases gastric CD8+ T cell frequency in the chronically inflamed stomach. Because the mechanism 
of Aim2 in gastric pathology remained unclear, we screened several gastric immune populations from chronical-
ly infected Aim2–/– stomachs versus WT stomachs. Previous reports have documented several immune subtypes 
that increase during chronic gastric inflammation and SPEM (22–28). These include CD11b+Ly6G+ myeloid-de-
rived suppressor cells (MDSCs) (22–24), CD11b+Ly6G– myeloid cells (22), CD4+ and CD8+ T cells (25–27), and 
B220+IgM+ B cells (28). We therefore screened these populations in our system (Figure 2A). In chronically 
infected WT stomachs, we observed a significant increase in all these populations relative to uninfected WT 
stomachs (Figure 2A). However, gastric CD8+ T cells were the only population whose frequency was affected by 
Aim2 deficiency in that they were dramatically increased in 6-month H. felis–infected Aim2–/– mice (Figure 2A, 
red font, percentages; mean gastric CD8+ in WT = 2.9%; mean gastric CD8+ in Aim2–/– = 10.2; P < 0.05). Aim2 
deficiency did not affect gastric CD8+ T cell frequency at baseline without infection (not shown). Neither MDSC 
nor B cell populations showed a significant difference between infected WT versus Aim2–/– stomachs (Figure 
2A). The increase in gastric T cells in Aim2–/– was corroborated by immunohistochemical staining of CD3 (Fig-
ure 2B) and RT-qPCR of gastric CD3 expression (Figure 2C). Also, consistent with the FACS analysis in Figure 
2A, gastric mRNA expression of T cell markers was increased for CD8 but not CD4 mRNA by RT-qPCR 
(Figure 2D). In contrast, immunohistochemical staining of B220, and gastric mRNA expression of the B cell 
marker CD19, did not show a significant difference between chronically infected WT versus Aim2–/– stomachs 
(Supplemental Figure 2, A and B). These findings indicate that Aim2 deficiency increases gastric CD8+ T cell 
frequency in the inflamed stomach, without affecting the frequency of other immune populations.

Increased gastric CD8+ T cells of  Aim2–/– mice lose their homing receptor expression. Because gastric CD8+ T 
cell frequency was affected by Aim2 deletion, we utilized these cells to gain insight about the mechanism 
of Aim2. We first optimized a FACS protocol in which distinct T cell populations could be sorted from the 
inflamed stomach for microarray analysis (Supplemental Figure 3). We performed this by gating individual 
cells from the inflamed stomach for CD3+ cells, then subgating for CD4+ versus CD8+ cells. We then per-
formed microarray analysis for the sorted CD4–CD8–, CD4+CD8–, and CD4+CD8+ cell populations (Sup-
plemental Figure 3A). We observed a majority of  T cell–specific genes that were commonly expressed in 
both CD4+ and CD8+ T cells (Supplemental Figure 3A). However, a number of  genes were differentially 
expressed by either CD8+ or CD4+ T cells (annotated as “Distinct Genes” in Supplemental Figure 3A). The 
list of  distinct genes is illustrated in Supplemental Figure 3B. Gastric CD4 gene expression was enriched in 
the isolated CD4+ T cell population (Supplemental Figure 3B), whereas CD8A and CD8B1 gene expression 
was enriched in the gastric CD8+ T cell population (Supplemental Figure 3B). The highly expressed genes 
in WT gastric CD8+ T cells included killer cell lectin-like receptors and perforin 1, which was indicative of  
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cytotoxic activity (Supplemental Figure 3B), and homing receptor genes sphingosine-1-phosphate receptor 1 
(S1PR1), CD62L/L-selectin (SELL), and LY6C2 (Supplemental Figure 3B). When comparing the expression 
profiles of  these CD8+ T cells between Aim2–/– and WT stomachs from mice chronically infected with H. felis, 
we observed a difference only in the expression of  homing receptors (Figure 3A; refer to the comparison of  
S1PR1, SELL, and LY6C2 expression between WT versus Aim2–/– CD4–CD8+ cells) but not in other CD8+ T 
cell–specific genes (data not shown). Aim2–/– gastric CD8+ T cells lost S1PR1, SELL, and LY6C2 expression 
relative to WT (Figure 3A), which was corroborated for S1PR1 by RT-qPCR (Figure 3B). These findings 
indicate that Aim2 was necessary for homing receptor expression by gastric CD8+ T cells.

Figure 1. Aim2 is induced in chronic (6-month) gastric inflammation, and its deficiency exacerbates SPEM. (A) 
Microarray heatmap of gastric Aim2 mRNA expression in 6-month H. felis–infected stomach and gastric-tissue specific 
IFN-γ–overexpressing mice. NTG, nontransgenic. (B) RT-qPCR of Aim2 mRNA expression in 6-month H. felis–infected 
WT versus Aim2–/– stomachs relative to uninfected. HPRT, hypoxanthine phosphoribosyltransferase. (C) Representative 
H&E image of 6-month H. felis–infected WT versus Aim2–/– gastric mucosa. Scale bar: 100 μm. (D) Stomach weight, 
normalized to total body weight, of 6-month H. felis–infected WT versus Aim2–/– mouse stomachs relative to uninfected. 
(E) Representative immunofluorescence image for quantifying SPEM, by labeling gastric mucous neck cells (Griffonia 
simplicifolia II; GSII; shown in red), chief cells (intrinsic factor, shown in green), parietal cells (H+/K+-ATPase, shown in 
gray), and cell nuclei (DAPI, shown in blue). Scale bar: 200 μm (all images). (F) Morphometric analysis showing SPEM 
quantification by percentage area. SPEM was quantified by GSII and trefoil factor 2 coexpression in ×20 field views. 
(G) Morphometric analysis of parietal cell number per 1000 μm2 of gastric mucosal tissue. Each data point represents 1 
mouse. Error bars represent mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. Data were compared using one-way ANO-
VA with Dunnet’s (parametric) multiple comparison tests.
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Gastric CD8+ T cells of  Aim2–/– mice exhibit a tissue-resident memory phenotype. Recent studies have implicated 
homing receptors S1PR1, CD62L, and LY6C in T cell memory differentiation. Memory T cells exhibit sever-
al phenotypes, including central memory T cells (Tcm cells), effector memory T cells (Tem cells), or tissue-res-
ident memory T cells (Trm cells) (29–31). Tcm cells patrol lymph nodes and the white pulp of  the spleen and 
express the abovementioned homing receptors. Tem cells circulate between the blood and nonlymphoid tissue 
but do not express homing receptors. Trm cells are resident in the tissue, do not recirculate into the blood or 
secondary lymphoid organs, and lose their homing receptor expression. Thus, homing receptor expression 
can be used to distinguish between Tcm versus Tem and Trm cells (29–31). However, distinguishing Tem from 
Trm cells requires additional analysis (29). In a recent review, Mueller and Mackay (29) stated that a defining 
feature for Trm cells depends on the localization of  these cells within the intraepithelial compartment, which 
distinguishes them from Tem cells. We therefore evaluated the localization of  the Aim2–/– CD8+ T cells in 
the gastric mucosa. We detected Aim2–/– CD8+ T cells occupied a predominantly intraepithelial localization 
(Figure 3C). Based on a number of  reports, the defining features for CD8+ Trm cells include the following: (a) 
their loss of  expression of  S1PR1 (32–35), CD62L (35–37), and LY6C (37, 38); (b) their high expression of  

Figure 2. Aim2 deficiency increases gastric CD8+ T cell frequency in the chronically inflamed stomach. (A) FACS 
analyses of gastric CD11b+Ly6G– myeloid cells (upper), CD11b+Ly6G+ MDSCs (upper), CD4+ versus CD8+ gastric T cells 
(middle), and B220+IgM+ gastric B cells (lower) in 6-month H. felis–infected WT versus Aim2–/– stomachs relative to 
uninfected WT controls. Values indicated are mean frequencies ± SEM from 3 mice per group. (B) Representative CD3 
immunohistochemistry (brown) of Aim2–/– versus WT 6-month H. felis–infected gastric mucosa. Scale bar: 100 μm. (C) 
RT-qPCR analyses of gastric CD3 mRNA expression in 6-month H. felis–infected Aim2–/– versus WT stomach relative 
to uninfected controls. (D) RT-qPCR analyses of gastric CD8 and CD4 mRNA expression in 6-month H. felis–infected 
Aim2–/– versus WT stomach relative to uninfected controls. Each data point represents 1 mouse. Error bars represent 
mean ± SEM. N.S., not significant; *P < 0.05; **P < 0.01. Data were compared using one-way ANOVA with Dunnet’s 
(parametric) multiple comparison tests.
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CD69 (33, 34, 36–39); and (c) their expression of  E-cadherin (38) and CD103 (33, 36–40). We observed that, 
in addition to their loss of  S1PR1, SELL (CD62L), and LY6C2 (Figure 3, A and B) and their intraepitheli-
al localization (Figure 3C), Aim2–/–CD8+ cells also expressed high levels of  CD69 (Figure 3A), E-cadherin 
(Figure 3D), and CD103 (Figure 3E). Therefore, based on this evidence we conclude that Aim2–/– deficiency 
increases CD8+ Trm cell frequency within the chronically inflamed gastric mucosa.

Aim2 deficiency does not intrinsically regulate homing receptor expression within CD8+ T cells. Because the loss 
of  homing receptor expression has been shown to correlate with, and be necessary for, Trm cell generation 
(29–32), we hypothesized that Aim2 might be regulating Trm cell generation by regulating these receptors. 
To determine whether T cell–intrinsic Aim2 regulated the expression of  homing receptors, we developed an 
in vitro assay to assess CD62L downregulation in Aim2–/– versus WT CD8+ T cells. CD8+ T cells were isolat-
ed from the spleen by negative selection using magnetic beads and compared between naive, suboptimal, and 
optimal activation status using anti-CD3 and anti-CD8 (Supplemental Figure 4). We observed that T cell 

Figure 3. Aim2 deficiency leads to downregulation of gastric CD8+ T cell homing receptors characteristic of tis-
sue-resident memory T cells. (A) Microarray heatmap of homing receptor S1PR1, SELL (CD62L), LY6C2 (LY6C), and 
CD69 expression in isolated gastric CD8+ versus CD4+ T cells. Mse, mouse. (B) RT-qPCR of S1PR1 homing receptor mRNA 
expression in isolated gastric CD8+ T cells (versus CD8– control populations) from 6-month H. felis–infected WT versus 
Aim2–/– stomachs. Each data point represents 1 mouse. Error bars represent the mean ± SEM. *P < 0.05. (C) Immuno-
fluorescence analysis of CD8+ cells (green), epithelial cells (E-cadherin, red), and nuclei (DAPI, blue) in 6-month H. felis–
infected Aim2–/– versus WT stomachs. Arrows indicate intraepithelial and stromal localizations of gastric CD8+ cells in 
the Aim2–/– gastric mucosa. Scale bar: 20 μm. (D) Higher magnification inset from C: coexpression of CD8 (green) and 
E-cadherin (red) in the chronically infected Aim2–/– gastric mucosa. (E) Coexpression of CD8 (green, upper) and CD103 
(red, lower) in the chronically infected Aim2–/– gastric mucosa, as denoted by white arrows. Epithelial cell E-cadherin is 
labeled in blue. Data were compared using one-way ANOVA with Dunnet’s (parametric) multiple comparison tests.
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activation reduced CD62L expression in CD8+ T cells (Supplemental Figure 4). While only 11.9% of  naive 
CD8+ T cells were CD62L–, this number increased to 29.3% upon suboptimal activation (with 0.75 μg/mL 
CD3 antibody) and to 68.3% upon optimal activation (with 10 μg/mL CD3 antibody) (Supplemental Figure 
4; naive versus suboptimal activation: P < 0.001; suboptimal versus optimal activation: P < 0.001). However, 
Aim2 deficiency did not significantly affect the downregulation of  CD62L upon activation of  these cells 
relative to WT (Supplemental Figure 4; compare upper versus lower panels), which indicated that CD8+ T 
cell–intrinsic Aim2 was dispensable for the regulation of  homing receptor expression.

Aim2 regulation of  gastric CD8+ T cells is independent of  the IFN-β pathway. We investigated the possibility 
that Aim2 might regulate homing receptor expression in CD8+ T cells via a paracrine mechanism initiated 
by dendritic cells. Previous reports have shown that Aim2 suppresses IFN-β production by myeloid cells in 
response to intracellular DNA or extracellular bacterial stimulation (41–43). Moreover, reports have also 
shown that IFN-β suppresses S1PR1 on T cells via CD69 (44). We therefore hypothesized that Aim2 sup-
presses IFN-β production by myeloid cells, which downregulates homing receptors CD62L and S1PR1 on 
CD8+ T cells in a paracrine manner. To test this hypothesis, we first assessed the ability of  Aim2 to suppress 
IFN-β production in dendritic cells stimulated by intracellular DNA (Figure 4A). We transfected BMDCs 
with 1 μg of  metaplastic gastric tissue DNA and measured Ifnb1 (IFN-β gene) expression (Figure 4A). Trans-
fection with metaplastic stomach DNA stimulated IFN-β gene only in Aim2–/– BMDCs, not in WT BMDCs 
(Figure 4A). This indicated that the loss of  Aim2 relieved its inhibition of  IFN-β expression in dendritic 
cells. This mechanism has recently been reported to be mediated by Aim2 antagonism of  the stimulator of  
interferon genes/cyclic GMP-AMP synthase (STING/cGas) pathway (43). Since Aim2–/– dendritic cells 
produced higher IFN-β, we hypothesized that exogenous IFN-β suppresses homing receptor expression on 
CD8+ T cells. The induction of  Ifnb1 mRNA was also corroborated in the infected Aim2–/– stomach in vivo 
(Figure 4B). Hence, this data corroborated the notion that Aim2 suppresses IFN-β induction in myeloid 
cells, as previously reported (41–43). We therefore sought to determine whether the effect of  Aim2 deficien-
cy on gastric CD8+ T cells was mediated by IFN-β.

To test the contribution of  the IFN-β pathway to the gastric Aim2–/– phenotype, we crossed Aim2–/– mice 
to type I IFN receptor–deficient mice (B6(Cg)-Ifnar1tm1.2Ees/J; IFNAR1–/–) to generate Aim2–/– IFNAR1–/– 
double-knockout mice. However, contrary to expectations, Aim2–/– IFNAR1–/– double-knockout mice did 
not abrogate the increase in gastric CD8+ T cell frequency (Figure 4, C and D) or gastric pathology (Figure 
4E). In fact, Aim2–/– IFNAR1–/– exacerbated gastric pathology following 6-month H. felis infection (Supple-
mental Figure 5A) and exhibited herniation of  dysplastic lesions into the gastric submucosa (Supplemental 
Figure 5B). This demonstrated that the Aim2–/– gastric phenotype is not mediated by IFN-β signaling. 
Next, we sought to determine the effects of  dendritic cell–secreted factors, other than IFN-β, that Aim2 
deficiency induced, to determine whether those factors were mediating the Aim2-deficient phenotype.

Dendritic cell–secreted factors induced by Aim2 deficiency do not suppress homing receptor expression on CD8+ T 
cells. To examine alternative potential mechanisms of  Aim2 in dendritic cells that could be contributing 
to the increase in gastric CD8+ T cells, we performed microarray analysis of  WT versus Aim2–/– BMDCs 
transfected with gastric metaplastic DNA (Supplemental Figure 6). This expression screen revealed a tran-
scriptional “switch” in dendritic cells following stimulation (Supplemental Figure 6). We identified genes 
for several dendritic cell–secreted factors that were regulated by Aim2, including Ptgs2, Cxcl11, Il1f6, IL6, 
Tnfsf10, IL27, and TL1A (red font in Supplemental Figure 6). Among these factors, and in addition to 
IFNb1, only IL36A and TNFSF10 were induced in both the infected Aim2–/– stomach (Supplemental Fig-
ure 7A) and Aim2–/– BMDCs (Supplemental Figure 7B). The induction of  the remainder of  these factors 
was not recapitulated in the inflamed gastric microenvironment (data not shown). Hence, we sought to 
determine the effect of  IL36A and TNFSF10 on CD8+ T cells’ homing receptor expression. However, 
treatment of  isolated splenic CD8+ T cells with recombinant IL-36α or recombinant TNFSF10 (also known 
as TNF-related apoptosis-inducing ligand [TRAIL]) did not suppress CD62L  homing receptor expression 
(Supplemental Figure 6, C and D). This indicated that dendritic cells are unlikely serving as the cells in 
which Aim2 deficiency affect CD8+ T cell function. To test this concept, we generated CD11cCre Aim2fl/fl 
mice and tested the dendritic cell–intrinsic Aim2 as outlined in the following paragraph.

Dendritic cell–intrinsic Aim2 deficiency does not recapitulate a global Aim2–/– gastric phenotype. We first validated 
successful Cre-mediated deletion of  Aim2 in dendritic cells of  CD11cCre Aim2fl/fl mice by using BMDCs 
transfected with metaplastic gastric DNA and showing significant increases in IFNB1, IL36A, and TNFSF10 
(Figure 5A). However, 6-month H. felis infection of  CD11cCre Aim2fl/fl mice did not increase gastric CD8+ T 
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cell frequency relative to Aim2fl/fl controls (Figure 5, B–D). This demonstrated that the gastric CD8+ T cell 
phenotype we observed in the global Aim2-deficient mice was independent of  dendritic cell–intrinsic Aim2.

Aim2 is highly expressed by gastric B cells. Because Aim2 deficiency in dendritic cells did not recapitulate 
the global Aim2 knockout, we measured Aim2 gene expression in FACS-sorted gastric immune cells (Fig-
ure 6A). While Aim2 gene expression was high in CD11b+ myeloid cells, the expression detected was sur-
prisingly higher in B220+IgM+ B cells (Figure 6A). To confirm the high gene expression of  Aim2 by B cells, 

Figure 4. Deficiency in type I IFN signaling does not reverse the increase in gastric CD8+ T cells observed in H. felis–
infected Aim2–/– mice, but rather exacerbates pathology. (A) RT-qPCR of Ifnb1 (IFN-β gene) mRNA expression in Aim2–

/– versus WT bone marrow–derived macrophages (BMDCs) transfected with metaplastic gastric DNA from 6-month H. 
felis–infected stomach, relative to untransfected controls. Each data point represents 1 experiment. (B) RT-qPCR of 
IFN-β gene mRNA expression in 6-month H. felis–infected Aim2–/– versus WT stomachs, relative to uninfected controls. 
Each data point represents 1 mouse. (C) Representative CD3 immunohistochemistry (brown) of WT, Aim2–/–, IFNAR1–/–, 
and Aim2–/– IFNAR1–/– 6-month H. felis–infected gastric mucosa. Scale bar: 100 μm. (D) RT-qPCR analyses of gastric CD3 
mRNA expression in 6-month H. felis–infected WT, Aim2–/–, IFNAR1–/–, and Aim2–/– IFNAR1–/– stomachs relative to unin-
fected controls. (E) Representative H&E image of 6-month H. felis–infected Aim2–/– versus Aim2–/– IFNAR1–/– gastric 
mucosa. Scale bars: 300 μm (left), 250 μm (right). The white arrows denote dysplastic gastric glands that have invaded 
the gastric submucosa. Error bars represent the mean ± SEM. N.S., not significant; *P < 0.05; **P < 0.01; ***P < 0.001. 
Data were compared using one-way ANOVA with Dunnet’s (parametric) multiple comparison tests (A and B). Data were 
compared using one-way ANOVA with Dunnet’s (nonparametric) multiple comparison tests (C).
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we utilized JH–/– mice that lack B cells to compare gastric Aim2 gene expression relative to WT following 
6-month H. felis infection. As expected, gastric B cells were absent in the JH–/– stomachs following 6-month 
H. felis infection (Supplemental Figure 8A). The absence of  B cells correlated with a dramatic decrease in 
Aim2 gene expression as detected by microarray (Supplemental Figure 8B), therefore corroborating that 
gastric B cells were a major source of  Aim2.

Aim2 suppresses CXCL16 production by gastric B cells of  the chronically inflamed stomach. Because we deter-
mined that B cells were the major source of  Aim2, we sought to determine the effect of  Aim2 deficiency 
on these cells. To gain insight about the function of  Aim2 in B cells, we FACS-isolated gastric B220+IgM+ 
cells and performed microarray analysis (Figure 6B). Several secreted factors — which were differentially 
expressed when Aim2 was absent — were identified, including growth differentiation factor 11 (GDF11, 
also known as Bmp11) and chemokines CXCL9, CCL6, and CXCL16 (Figure 6B). However, among these 
factors, only recombinant CXCL16 significantly increased the frequency of  CD62L–CD8+ T cells (i.e., those 
lacking homing receptor) in splenic CD8+ T cells (Figure 6, C and D). Moreover, CXCL16 gene expression 
was increased in the gastric tissue of  6-month H. felis–infected mice (Figure 6E), irrespective of  IFNAR1 
deficiency, which supported its increase in B cells that we observed. In addition, no increase was observed in 
H. felis–infected CD11cCre Aim2fl/fl gastric tissue, demonstrating that the increase in gastric tissue expression 
of  CXCL16 gene was not mediated by dendritic cell deficiency of  Aim2 (Supplemental Figure 9). Collective-
ly, these data indicated that B cell–intrinsic Aim2 could contribute to our observed CD8+ T cell phenotype by 
suppressing CXCL16 production in gastric B cells of  the chronically inflamed stomach. These data correlate 
with the previously established role of  CXCL16 and its receptor, CXCR6, in regulating CD8+ Trm cells (45), 
in addition to CXCR6 being one of  the defining markers of  CD8+ Trm cells (46).

Gastric CD8+ T cells produce high levels of  IFN-γ. To elucidate the mechanism by which gastric CD8+ 
T cells stimulate SPEM, we investigated the possibility that these cells produce high levels of  IFN-γ. 
We have previously shown that gastric IFN-γ overexpression is sufficient to induce SPEM (18). We 
found that gastric CD8+ T cells produced higher levels of  IFN-γ than other immune cells, including 
CD4+ T cells, myeloid cells, and B cells (Figure 7A). Moreover, IFN-γ production was significantly 
increased in Aim2–/– CD8+ T cells relative to WT (Figure 7A). In light of  the higher frequency of  
gastric CD8+ T cells in the infected Aim2–/– stomachs (Figure 2A), and given that these cells produced 
higher levels of  IFN-γ than WT (Figure 7A), we found that total stomach IFN-γ mRNA was signifi-
cantly increased in the infected Aim2–/– stomachs relative to WT (Figure 7B). Therefore, we propose 
that one of  the contributing mechanisms by which Aim2–/– exacerbates SPEM is by increasing the 
frequency of  IFN-γ–producing gastric CD8+ T cells.

Aim2 is induced in human gastric cancer tissue and correlates with survival. To correlate our findings to human 
gastric cancer, we quantified the expression data of  Aim2 in gastric cancer versus normal stomach using 
The Cancer Genome Atlas database (TCGA Research Network: http://cancergenome.nih.gov/) (47). We 
observed a significant induction of  Aim2 mRNA in tissue samples of  patients with gastric cancer relative to 
normal stomach tissue (Figure 8A). Moreover, we observed that high expression of  Aim2 in gastric cancer 
tissue correlated positively with patient survival (Figure 8B). We conclude that Aim2 is induced in human gas-
tric cancer, and its mechanism in regulating Trm cell generation has implications for gastric cancer prognosis.

Discussion
This study elucidates a potentially novel function in which Aim2 acts as an immune checkpoint, which 
suppresses CD8+ Trm cells in the inflamed gastric mucosa by preventing homing receptor expression 
(CD62L and S1PR1) on these cells (Figure 9). B cell–intrinsic Aim2 can potentially contribute to this 
outcome by suppressing CXCL16 production in B cells (hypothetical modeling in Figure 9). The major 
conclusion is that Aim2 ameliorates Helicobacter-induced SPEM by preventing CD8+ Trm cell accumula-
tion, which is likely mediated by B cell CXCL16 production. The conclusion is supported by the follow-
ing experimental evidence: (a) Aim2 deficiency relieved the inhibition of  CXCL16 production by gastric 
B cells; (b) exogenous CXCL16 elicited a downregulation of  CD8+ T cell homing receptor expression; 
(c) global Aim2 deficiency, in vivo, led to gastric CD8+ T cell homing receptor downregulation in the 
inflamed gastric mucosa; (d) IFN-β receptor deficiency or dendritic cell–intrinsic Aim2 deficiency did not 
recapitulate the gastric CD8+ T cell phenotype of  global Aim2-deficient mice; (e) Aim2 deficiency led to 
the differentiation of  gastric CD8+ T cells into Trm cells; (f) the loss of  Aim2 led to the accumulation of  
these gastric mucosal CD8+ Trm cells; (g) gastric CD8+ Trm cells produced high levels of  IFN-γ, which 
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is known to induce SPEM (18), and (h) Aim2 was induced in gastric cancer tissue and correlated with 
patient survival, which indicated that this pathway is relevant to human disease as a protective factor 
against SPEM. Collectively, this experimental evidence strongly supports the conclusion that Aim2 serves 
as an immunoregulatory checkpoint in the inflamed gastric microenvironment and functions in an IFN-β– 
and dendritic cell–independent manner. The mechanism is likely mediated by inhibiting B cell CXCL16 
production and superseding this molecule’s ability to promote CD8+ Trm cells.

The essential role of inflammation in the development of Helicobacter-induced SPEM has been previously 
described (11, 12, 18, 23, 48–52), although its mechanisms have not been fully explored. This began with the 
discovery of T cell deficiency to be sufficient for preventing metaplasia in the stomach (48, 49). It was followed 
by studies implicating IL-1β mutations in gastric cancer patients (50) and showing that IL-1β overexpression 
induces gastric dysplasia in mouse models (22). Further studies emphasized the role of myeloid cells (e.g., mac-
rophages and MDSCs) and T cell cytokines (e.g., IFN-γ) in stimulating SPEM (11, 12, 18, 23, 51, 52). However, 
the mechanisms by which these immune cells stimulated SPEM remained unclear. In this study, we uncovered 
one inflammatory mechanism that played a major role in the development of SPEM. Because our proposed 
pathway (a) consists of an inflammasome molecule (Aim2) playing a “noncanonical” role and (b) involves 
CD8+ T cells, we will describe the cited literature separately for each component in the following paragraph.

First, in terms of  T cells, even though these cells have been shown to be necessary for SPEM (48, 49), 
the mechanisms by which they are regulated and how they elicit their responses in SPEM remain unclear. 
It has been shown previously that Rag1–/–, TCRβδ–/–, and T-bet–/– mice fail to develop Helicobacter-induced 
gastric pathology. However, these studies utilized total T cell knockouts and did not distinguish CD4+ ver-

Figure 5. Dendritic cell–specific deletion of Aim2 does not recapitulate the gastric CD8+ T cell phenotype elicited by 
global Aim2 deficiency. (A) RT-qPCR of IFNB1, IL36A, and TNFSF10 in CD11cCre Aim2fl/fl versus Aim2fl/fl BMDCs trans-
fected with gastric metaplastic DNA versus untransfected control. Each data point represents 1 experiment. Error bars 
represent the mean ± SEM. *P < 0.05. (B) Representative FACS analyses and quantification of gastric CD4+ and CD8+ 
T cells from H. felis–infected CD11cCre Aim2fl/fl versus Aim2fl/fl relative to uninfected Aim2fl/fl. (C) Representative CD3 
immunohistochemistry (brown) of CD11cCre Aim2fl/fl versus Aim2fl/fl 6-month H. felis–infected gastric mucosa. Scale bar: 
150 μm. (D) RT-qPCR analyses of gastric CD3 mRNA expression in 6-month H. felis–infected CD11cCre Aim2fl/fl versus 
Aim2fl/fl stomachs relative to uninfected controls. Each data point represents 1 mouse. N.S., not significant. Data were 
compared using one-way ANOVA with Dunnet’s (parametric) multiple comparison tests.
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sus CD8+ T cells or between distinct T cell memory subtypes (48, 49). Therefore, our proposed mechanisms 
in this paper are complementary to the cited literature, even though our study additionally distinguishes 
different T cell subtypes (CD8+ vs. CD4+) and distinct memory phenotypes (Tcm, Tem, or Trm).

Second, in terms of  Aim2 function, our data support a noncanonical function for Aim2 and provide evi-
dence for its possible role in B cells to regulate CXCL16 production. However, traditionally, Aim2 has been 
described to function (a) as part of  the inflammasome (13–15) or (b) in regulating IFN-β production (41–43) 
via the STING/cGAS pathway (43). We will discuss each of  these activities in the following 2 paragraphs.

In terms of  the inflammasome function, a previous study has documented, using the caspase-1–defi-

Figure 6. Aim2 is highest expressed in B cells, and Aim2 deficiency induces the expression of several chemokines, 
among which CXCL16 suppresses CD62L homing receptor expression on CD8+ T cells. (A) RT-qPCR of Aim2 mRNA 
in FACS-isolated gastric immune subpopulations from 6-month H. felis–infected WT (blue) versus Aim2–/– (pink) 
stomachs. n = 3. (B) Microarray heatmap of FACS-isolated B cells from 6-month H. felis–infected WT versus Aim2–/– 
gastric mucosa. (C) Plot of FACS-quantified percentages of homing CD62L– splenic CD8+ T cells following treatment 
with recombinant GDF11, CXCL16, CCL8, or CXCL9 with or without prior anti-CD3/anti-CD28 activation. Each data point 
represents 1 experiment. (D) Representative FACS plot showing CD62L+ versus CD62L– splenic CD8+ T cells in recombi-
nant CXCL16-treated versus untreated, with or without prior activation with anti-CD3/anti-CD28. (E) RT-qPCR analysis 
of CXCL16 mRNA expression in the stomach from 6-month H. felis–infected WT, Aim2–/–, and IFNAR1–/– versus Aim2–/– 
IFNAR1–/– mice. Each data point represents 1 mouse. Error bars represent the mean ± SEM. N.S., not significant; *P < 
0.05; **P < 0.01. Data were compared using one-way ANOVA with Dunnet’s (parametric) multiple comparison tests.

https://doi.org/10.1172/jci.insight.94035


1 1insight.jci.org   https://doi.org/10.1172/jci.insight.94035

R E S E A R C H  A R T I C L E

cient (Casp1–/–) mouse model, that Casp1 deficiency exacerbated H. felis –induced SPEM (53). These observa-
tions in Casp1–/– mice did not correlate with reduced IL-1β signaling in that IL-1 receptor (IL-1R) deficiency 
ameliorated SPEM. However, the authors postulated that the Casp1–/– mechanism was mediated by reduced 
IL-18 bioactivity since IL-18 deficiency also exacerbated SPEM. They did not report a change in gastric CD8+ 
T cell abundance (53). This is complementary to our findings, in which Aim2 did not affect gastric inflam-
masome activity, and dendritic cell–specific Aim2 deficiency did not recapitulate the global Aim2 phenotype. 
Our proposition that Aim2 elicits its phenotype independent of  the inflammasome is in agreement with the 
latter-described study that the inflammasome is not documented to regulate gastric CD8+ T cell frequency.

In regard to Aim2’s reported regulation of  IFN-β, our finding that dendritic cell–specific Aim2 deletion, 
which increased IFN-β production dramatically, did not affect gastric CD8+ T cell frequency is surprising. 
This is because the role of  IFN-β has been previously demonstrated in regulating CD8+ T cells. This mech-
anism has recently been reported by Woo, Corrales, Gajewski, and colleagues (43, 54–57), in which they 
described the role of  IFN-β in stimulating CD8+ T cell priming in the tumor microenvironment. These studies 
showed that mice deficient in IFN-β, due to STING deletion, were defective in CD8+ T cell priming against 
immunogenic tumors (57). Moreover, they showed that Aim2, in turn, antagonized the STING/cGAS path-
way that induced IFN-β production (43). Even though, in our study, the increase in IFN-β gene expression 
was detected in both gastric tissue in vivo and dendritic cells in vitro, the Aim2–/– IFNAR1–/– double-knockout 
model did not reverse the CD8+ T cell phenotype from the 6-month H. felis–infected Aim2–/– mouse. This 
demonstrated that our proposed mechanism elicited by Aim2 deficiency in the inflamed stomach was not 
mediated by IFN-β signaling. Overall, Aim2 does not appear to operate according to its previously described 
functions (i.e., inflammasome or IFN-β) in the chronically inflamed gastric mucosa. We provide evidence that 
Aim2 might operate by suppressing CXCL16 expression by B cells. These data are consistent with the previ-
ously established role of  CXCL16 and its receptor, CXCR6, in regulating CD8+ Trm cells (45), in addition to 
CXCR6 being one of  the defining markers of  CD8+ Trm cells (46).

The reason CD8+ T cells are important in the study of  cancer is these cells exhibit an antitumor activity 
by killing tumor cells (58). However, this may not account for their actual role in inflammation-induced tumor 
microenvironments (59). In our H. felis–infected Aim2–/– model, the increase in IFN-γ–producing CD8+ T 
cells similarly exacerbated —rather than ameliorated — SPEM. We propose that this was due to a dramatic 
increase in gastric IFN-γ levels. We have previously demonstrated that chronic IFN-γ overexpression in the 
gastric mucosa sufficiently induces SPEM (18). Interestingly, this damage response due to increased cytokine 
production is analogous to a type IV autoimmune/hypersensitivity reaction (60–62) in that it induces host 
tissue destruction. In light of  this argument, gastric autoimmunity has been well documented in Helicobacter 
pylori–infected patients (63–73). Additionally, CD8+ T cells can attack host cells directly (74), which is a hall-

Figure 7. Gastric CD8+ T cells are major producers of IFN-γ and contribute to higher gastric IFN-γ levels in Aim2–/– than 
in WT. (A) RT-qPCR of IFN-γ mRNA in isolated gastric immune cell populations. Populations are isolated from infected 
stomachs of n = 3 mice per group. WT is shown in blue; Aim2–/– is shown in pink. (B) RT-qPCR of IFN-γ mRNA from total 
stomach tissue of infected WT versus Aim2–/– relative to uninfected. Each data point represents 1 mouse. Error bars 
represent the mean ± SEM. *P < 0.05; **P < 0.01. Data were compared using one-way ANOVA with Dunnet’s (paramet-
ric) multiple comparison tests (A). Data were compared using one-way ANOVA with Dunnet’s (nonparametric) multiple 
comparison tests (B).
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mark of  a type II autoimmune/hypersensitivity reaction, via antibody-dependent cell-mediated cytotoxicity. 
Therefore, while gastric CD8+ T cells might exhibit an antitumor cytotoxic effect, they might also exacerbate 
preneoplastic SPEM development by inducing host tissue destruction of  gastric parietal cells.

Despite the above findings and reported literature, the mechanisms of  adaptive immunity during chron-
ic gastric inflammation, SPEM, gastric dysplasia, and neoplasia remain poorly understood. Recent reports 
have described gastric follicular structures that develop within the chronically inflamed stomach to behave 
as tertiary lymphoid organs (TLOs) (75–77). These reports argued that gastric follicular structures operate 
in a manner analogous to lymph nodes in that they exhibit functions comprising antigen presentation and 
B cell–T cell interactions, which occur within the inflamed stomach mucosa in situ (75–77). In support of  
this hypothesis, we have previously observed gastric follicles to contain distinct B cell and T cell zones in 
the gastric mucosa (unpublished observation). Hence, this idea proposes that, since antigen presentation 
occurs within the inflamed gastric mucosa, crosspriming of  CD8+ T cells might also occur within the stom-
ach. Such processes would therefore not require egress of  antigen-presenting cells toward tissue-draining  
lymph nodes. However, this field remains poorly understood in gastric carcinogenesis and requires further 
investigation regarding (a) where antigen presentation occurs (i.e., TLOs vs. lymph node), (b) what the 
nature of  the antigen is, which promotes CD8+ T cell activation (i.e., Helicobacter antigen vs. damaged host 
cells), and (c) how CD8+ T cells promote SPEM (i.e., via autoimmune mechanisms or indirectly via IFN-γ). 
These investigations are important because they will provide insight into the immune cell mechanisms that 
counter or promote gastric carcinogenesis.

We conclude that Aim2 is an immunoregulatory molecule that suppresses SPEM by restricting CD8+ 
Trm cell accumulation in the chronically inflamed stomach, independent of  the inflammasome or IFN-β 
pathway. Aim2 function is likely mediated by inhibiting CXCL16 production from B cells. This study 
uncovers potentially novel functional insight and new avenues to modulate the protumorigenic immune 
response in gastric preneoplastic lesions and cancer. The study also provides a potentially novel pathway 
to modulate the frequency of  infiltrating CD8+ T cells (within the mucosa) of  chronically inflamed solid 
organs, such as the stomach in this study.

Methods
Study approval. All studies were approved by the University of  Michigan Institutional Animal Care and Use 
Committee (PRO00005890). The human data were obtained by analyzing deidentified databases previously 
generated by the TCGA study (47), which did not require additional human sample collection (47). Hence, 

Figure 8. Aim2 is induced in human gastric cancer and correlates with patient survival. (A) RNA-Seq expression of 
Aim2 mRNA from the TCGA database in normal gastric tissue versus gastric tumor tissue. Each data point represents 
1 patient. Error bars represent the mean ± SEM. *P < 0.05. (B) Survival curve of gastric cancer patients with high 
Aim2-expressing versus medium Aim2-expressing versus low Aim2-expressing gastric tumors. Data were compared 
using Mann-Whitney U Test for nonparametric data.
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IRB approval was described in the previous study for which the samples were originally collected (47).
Detailed experimental procedures are described in the Supplemental Methods.
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