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SUMMARY

Lysophosphatidic acid, a bioactive phospholipid, mediates
multiple cellular effects. Using a conditional knockout
mouse, we show that lysophosphatidic acid receptor 5 is
necessary for the survival of stem cells and progenitors in
the intestine.

BACKGROUND & AIMS: Regeneration of the epithelium by
stem cells in the intestine is supported by intrinsic and extrinsic
factors. Lysophosphatidic acid (LPA), a bioactive lipid mediator,
regulates many cellular functions, including cell proliferation,
survival, and cytokine secretion. Here, we identify LPA5 re-
ceptor as a potent regulator of the survival of stem cells and
transit-amplifying cells in the intestine.

METHODS: We have used genetic mouse models of conditional
deletion of Lpar5, Lpar5f/f;Rosa-CreERT (Lpar5KO), and intestinal
epithelial cell–specific Lpar5f/f;AhCre (Lpar5IECKO) mice. Mice
were treated with tamoxifen or b-naphthoflavone to delete
Lpar5 expression. Enteroids derived from these mice were used
to determine the effect of Lpar5 loss on the apoptosis and
proliferation of crypt epithelial cells.

RESULTS: Conditional loss of Lpar5 induced ablation of the
intestinal mucosa, which increased morbidity of Lpar5KO mice.
Epithelial regeneration was compromised with increased
apoptosis and decreased proliferation of crypt epithelial cells
by Lpar5 loss. Interestingly, intestinal epithelial cell–specific
Lpar5 loss did not cause similar phenotypic defects in vivo.
Lpar5 loss reduced intestinal stem cell marker gene expression
and reduced lineage tracing from Lgr5þ ISCs. Lpar5 loss
induced CXCL10 expression which exerts cytotoxic effects on
intestinal stem cells and progenitors in the intestinal crypts. By
co-culturing Lpar5KO enteroids with wild-type or Lpar5KO

splenocytes, we demonstrated that lymphocytes protect the
intestinal crypts via a LPA5-dependent suppression of CXCL10.

CONCLUSIONS: LPA5 is essential for the regeneration of in-
testinal epithelium. Our findings reveal a new finding that LPA5

regulates survival of stem cells and transit-amplifying cells in
the intestine. (Cell Mol Gastroenterol Hepatol 2022;14:129–150;
https://doi.org/10.1016/j.jcmgh.2022.03.012)
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he surface of the intestinal tract is lined with a
Tmonolayer of columnar epithelial cells that forms a
physical and functional barrier separating the complex
luminal milieu from the mucosal layer of the gut. The
epithelium in the small intestine is organized into the villi
and crypts. Lgr5þ (leucine-rich repeat–containing G
protein–coupled receptor 5) stem cells residing at the base
of crypts give rise to highly proliferative transit-amplifying
(TA) cells. Cellular differentiation occurs as cells migrate
out of the crypt onto the flanks of the villi.1 The entire
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epithelium is renewed every 4–5 days. The stem cells are
nourished by the microenvironment surrounding the crypts
or stem cell niche that provide necessary repertoire of
growth factors.2 Recently, immune cells have emerged as
key components of the stem cell niche.2,3 In particular, CD4þ

T helper cells have been shown to be essential in preserving
the integrity of Lgr5þ intestinal stem cells (ISCs).3

The CXC chemokines play a key role in inflammation.
CXCL10 (previously called interferon gamma [IFN-g]–
inducible protein 10) was initially discovered as a chemo-
kine induced by IFN-g that recruits leukocytes, such as T
cells, monocytes, and eosinophils.4 In the intestine, several
types of cells, including monocytes,5 endothelial cells,6 and
intestinal epithelial cell (IECs),7,8 express CXCL10. Elevated
levels of CXCL10 were observed in murine models of acute
graft-vs-host disease, suggesting its role in allogenic stem
cell transplantation.9 Patients with active inflammatory
bowel disease (IBD)10 or celiac disease8 have elevated
CXCL10 levels. Blockade CXCL10 protects mice from acute
colitis by impairing T helper-1 induction11 and enhancing
crypt cell survival,12 demonstrating its therapeutic potential
for IBD.

Lysophosphatidic acid (LPA) is a naturally occurring
phospholipid that is a potent inducer of cell proliferation,
and as such its effects on tumor cell growth are well
established.13 The effects of LPA are mediated through 6
distinct LPA receptors (LPARs), termed LPA1-LPA6 (gene
names Lpar1-Lpar6), which activate major cellular signaling
pathways, including the Wnt, phosphoinositide 3-kinase
(PI3K), and epidermal growth factor (EGF) pathways.13 The
expression of LPAR in embryonic stem cells14,15 and neural
stem cells,16,17 along with the effects of LPA on neural
development18 and myeloid differentiation,19 has been re-
ported. A recent study using mouse enteroids showed that
LPA can be used instead of EGF to support enteroid
growth.20 These studies have prompted potential roles of
LPA and its receptors on stem cells and progenitors. How-
ever, it remains paradoxical that none of the LPAR-deficient
mice display abnormality that can be attributed to impaired
survival or maintenance of stem cells.

Lpar5 is highly expressed in gastrointestinal (GI) tract
and brain.14,21 A series of studies have shown the impor-
tance of LPA5 in the homeostatic functions in the gut. We
have shown that LPA5 activates the brush border Naþ/Hþ

exchanger 3, which regulates Naþ and fluid absorption in
the intestine,22,23 and LPA5 regulates the intestinal epithelial
permeability that controls bacterial translocation in the
gut.24 Unlike other LPARs, LPA5 can be activated by the
dietary protein hydrolysate and peptone.25 LPA5 expression
is also detected on sensory nerves in the enteric nerve
system of mouse intestinal mucosa, where it is activated by
mesenteric lymphatic fluid, suggesting its role as a nutrient
sensor.26

In the present study, we show that LPA5 is essential for
the maintenance of the intestinal epithelium. Inducible
deletion of Lpar5 in adult mice resulted in intestinal crypt
ablation associated with increased apoptosis of IECs in the
crypt compartment. We identified chemokine CXCL10 as a
major factor demising ISCs and TA cells, and as such
neutralizing CXCL10 protected these cells. Unlike global loss
of Lpar5, IEC-specific Lpar5 loss, however, did not cause
intestinal epithelial atrophy in vivo, suggesting that other
nonepithelial cells must protect the ISCs and TA cells. Co-
culturing Lpar5-deficient enteroids with wild-type (WT)
splenocytes, but not Lpar5-deficient splenocytes, protected
crypt epithelial cells from apoptosis through interleukin
(IL)-10–dependent regulation of CXCL10. Thus, LPA5

maintains ISCs and promotes proliferation of progenitors,
and defective LPA5 function induces epithelial cell apoptosis
in the crypt via induction of CXCL10.
Results
Inducible Deletion of Lpar5 Increases Mortality in
Mice With Defects in the Gut

To assess the role of LPA5 in the intestine, we crossed
Lpar5f/f mice23 with Rosa26-CreERT mice, generating a
mouse model of inducible Lpar5 knockout, Lpar5f/f;Rosa-
CreERT. We administered tamoxifen (TAM) (40 mg/kg/d) for
5 days to adult Lpar5f/f;Rosa-CreERT mice to delete Lpar5,
which are referred to as Lpar5KO hereafter. Surprisingly,
Lpar5KO showed a significant body weight loss with diarrhea
(Figure 1A). Lpar5KO mice were moribund or died by day 11.
Necropsy revealed gross changes in the GI tract. The GI tract
was pale and distended along its entire length filled with
fluid and ingesta was present in the stomach (Figure 1B).
Formed fecal pellets were not present in the colon of
Lpar5KO mice. Other organs in Lpar5KO mice, including the
liver, kidney, or heart, looked grossly normal, although it is
possible that these organs have cellular changes that were
not apparent by a visual examination. Histological exami-
nations of Lpar5KO mouse intestine revealed villus blunting
associated with epithelial blobbing on the villi, immune cell
infiltration, and crypt erosion in the small intestine
compared with control mice (Figure 1C and D). The colon of
Lpar5KO mice displayed similar luminal damage and mild
crypt hyperplasia (Figure 1C and D). The gross defects in
Lpar5KO mice were in striking contrast to the previous
findings that constitutive knockout of Lpar5 did not display
a phenotype although blunted responses to neuropathic
pain was observed in these mice.27
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Figure 1. Lpar5 loss induces inflammation in the intestine with epithelial damage. (A) Lpar5f/f and Lpar5f/f;RosaCreERT

mice were administered TAM (40 mg/kg/d) for 5 days and body weights were determined. Initial body weight of each group
was set at 100%. n ¼ 3. All data are presented as mean ± SD. *P < .05, ***P < .01 compared with Lpar5f/f mice by 1-way
analysis of variance with Tukey’s multiple comparison test. Representative of 3 experiments. (B) The representative appear-
ances of the abdomen of TAM-treated Lpar5f/f and Lpar5KO mice on day 11 are shown. Bottom panel shows typical
appearance of the gastrointestinal tract of Lpar5KO and Lapr5f/f mice. (C) Hematoxylin and eosin–stained images of the small
intestine and colon of Lpar5f/f mice. (D) Representative sections from the small intestine and colon of Lpar5KO mice on day 8
and 11. Scale bar ¼ 200 mm.
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Loss of Lpar5 Causes Intestinal Crypt Cell
Apoptosis

The mucosal ablation in Lpar5KO mice may have been
caused by premature loss of mature IECs at the villus tips or
loss of crypt epithelial cells that compromises the renewal of
the intestinal epithelium. In either case, we expected to
observe increased epithelial cell death and hence we
analyzed epithelial cell apoptosis in the small intestine of
Lpar5f/f and Lpar5KO mice by immunostaining for cleaved
caspase 3 (CC3). We observed increased CC3 levels in the
crypt compartments of Lpar5KO small intestine, but there
was no apparent CC3 labeling at the villi (Figure 2A), indi-
cating that the initial effect of Lpar5 loss is primarily on
proliferating crypt epithelial cells. To determine the
spatiotemporal relationship between Lpar5 deletion and IEC
death, Lpar5f/f;Rosa-CreERT mice were given high doses of
TAM (100 mg/kg/d) for 2 days (day 0 and 1). TAM treat-
ment rapidly decreased Lpar5 expression in Lpar5f/f;Rosa-
CreERT mice, reaching w90% decrease within 14 hours
(Figure 2B). The number of apoptotic cells gradually
increased during the next several days (Figure 2C and D),
demonstrating that crypt epithelial cell apoptosis is induced
by Lpar5 loss. At the same time, the number of proliferating
cells identified by EdU in the crypts decreased (Figure 2C
and E). It has been shown previously that 100 mg/kg TAM
can impair intestinal regeneration postirradiation, although
the same concentration of TAM does not alter IEC prolifer-
ation or intestinal architecture under homeostatic condi-
tions.28 To ensure that the effects on high dose TAM in
Lpar5f/f;Rosa-CreERT mice are specific to Lpar5 loss, the ef-
fects of TAM on control Lpar5f/f mice were assessed. The
rates of crypt epithelial cell proliferation and apoptosis in
control mice were not altered by the TAM treatment, indi-
cating that the effects are specific to Lpar5 loss and not the
cytotoxicity of TAM (Figure 2F).

The roles of epithelial LPA5 in modulating Naþ transport
and epithelial barrier functions have recently been demon-
strated,22–24 but other types of cells, including endocrine
cells,25 lymphocytes,29 macrophages,30 and neurons,26,27

express LPA5. Therefore, it is uncertain whether the
observed crypt cell death in Lpar5KO mice can be attributed
to an autonomous effect of LPA5 on IECs. To address this
question, we cultured intestinal epithelial cell-derived
enteroids.31 After the initial formation of enteroids,
Lpar5f/f enteroids enlarged with the formation of crypt-like
buds, and the growth of Lpar5f/f enteroids was not affected



Figure 2. Lpar5 loss induces in crypt epithelial cell apoptosis. (A) Representative images of immunohistochemical staining
of CC3 in the jejunum of Lpar5f/f and Lpar5f/f;RosaCreERT mice treated with 5� TAM. Apoptosis of IECs in the crypt
compartment (blue arrows) of Lpar5KO mice is indicated. Scale bar ¼ 100 mm. (B) Lpar5 mRNA expression in Lpar5f/f;Rosa-
Cre

ERT

mice treated with 100 mg/kg TAM was determined by quantitative RT-PCR. n ¼ 3. ***P < .001 compared with 0 hours.
(C) Representative immunofluorescence images of apoptosis (TUNEL, red) and proliferation (EdU, green) of crypt epithelial
cells in the jejunum of Lpar5f/f and Lpar5KO mice on each day of treatment are shown. Representative of 3 experiments. Scale
bar ¼ 50 mm. (D) Quantification of TUNELþ apoptosis per crypt from the jejunum. n ¼ 30. (E) Quantification of EdUþ cells per
crypt. n ¼ 40. Representative of 3 independent experiments. All data are presented as mean ± SD. *P < .05, ***P < .001
compared with day 0 (D0) by 1-way analysis of variance with Tukey’s multiple comparison test. (F) Representative images of
EdU and TUNEL staining in the jejunal sections of Lpar5f/f mice treated with 100 mg/kg/d for 2 days are shown. Quantification
of EdUþ and TUNELþ cells per crypt on days 0, 2, and 4 are shown on the right. n ¼ 90.
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by the presence of 4OHT (Figure 3A, left panels). In contrast,
we observed visible loss of epithelial integrity and an
impairment of Lpar5f/f;Rosa-CreERT enteroid growth by
4OHT treatment (Figure 3A [right panel] and B). Consistent
with the observation in mouse intestinal crypts (Figure 2C),
Lpar5 loss induced IEC apoptosis while reducing prolifera-
tion in enteroids (Figure 3C). We confirmed the importance
of LPA5 on enteroid growth by treating WT enteroids with
the LPA5 inhibitor, TC LPA5 4, which blocked the growth of
WT enteroids (Figure 3D). These results demonstrated that
LPA5 regulates IEC survival and proliferation.

IEC-Specific Lpar5 Loss Does Not Cause
Morbidity

Having observed the effect of Lpar5 loss in enteroids, we
questioned whether IEC-specific loss of Lpar5 is sufficient
for the mucosal ablation in the mouse intestine. To test this,
we crossed Lpar5f/f mice with AhCre transgenic mice32 to
generate a mouse strain with inducible IEC-specific Lpar5
knockout, Lpar5f/f;AhCre or Lpar5IECKO. Treating Lpar5f/f;
AhCre with b-naphthoflavone (b-NF) (80 mg/kg/d) for 5
days reduced Lpar5 expression by >90% in IECs. However,
unlike Lpar5KO mice, Lpar5IECKO mice did not show any sign
of illness up to 2 weeks post–b-NF treatment. We could not
observe a notable change in the appearance of the intestinal
crypts or villi of Lpar5IECKO mice compared with control
Lpar5f/f mouse (Figure 4A). Yet, terminal deoxynucleotide
transferase–mediated deoxyuridine triphosphate nick-end
labeling (TUNEL) staining revealed the occurrence of cell
death in the intestinal crypts (Figure 4B), which was
detected as early as 48 hours following the first b-NF
treatment (Figure 4C). Nevertheless, the number of TUNELþ

cells per crypt in Lpar5IECKO mice was about half of that in
Lpar5KO mice (Figure 4C vs Figure 2D), suggesting that the
apoptotic signal must be greater in Lpar5KO mice. Further-
more, the number of cells in the S-phase in Lpar5IECKO in-
testinal crypts determined by EdU staining was reduced
(Figure 4D and E). Although the effect of IEC-specific dele-
tion of Lpar5 in the intestinal epithelium was modest
in vivo, b-NF-induced deletion of Lpar5 completely impaired
the growth of Lpar5IECKO enteroids (Figure 4F) with signif-
icant effects on IEC proliferation and apoptosis (Figure 4G,
left panels). b-NF alone had no effect on control Lpar5f/f

enteroids (Figure 4G, right panels). These results corrobo-
rated that LPA5 is important for the maintenance of intes-
tinal crypts.

Lpar5 Loss Reduces Clonal Expansion of ISCs
Increased crypt cell apoptosis and the failure for enter-

oids to grow could have resulted from LPA5-dependent loss
of ISCs. To evaluate whether LPA5 regulates ISCs, we labeled
enteroids for OLFM4, an alternative stem cell marker
expressed by Lgr5þ ISCs.33 Lpar5 deletion by b-NF in
Lpar5IECKO enteroids resulted in decreased abundance of
OLFM4þ cells (Figure 5A). Lpar5 deletion increased TUNELþ

staining in enteroids, but we could not locate the TUNELþ

staining in OLFM4þ cells with certainty (Figure 5A). How-
ever, this could have been due to the ill timing of the
disappearance of OLFM4, and DNA fragmentation detected
by the TUNEL assay. The effect on OLFM4 expression was
confirmed in vivo in which anti-OLFM4 immunoreactivity
was significantly reduced in the intestine of both Lpar5IECKO

and Lpar5KO mice compared with that of Lpa5f/f control
mice (Figure 5B). Consistently, the transcript levels of
several ISC markers, including Lgr5,34 Olfm4,33 Smoc2,35 and
Ascl2,36 were decreased in Lpar5IECKO mice (Figure 5C).

To ensure the effect of LPA5 on ISCs, we crossed Lpar5f/f

mice with Lgr5-EGFP-ires-CreERT2 mice, followed by crossing
with Rosa26-tdTomato mice.34 The resulting Lpar5f/f;Lgr5-
EGFP-IRES-CreERT2;Rosa26-tdTomato (Lgr5DLpar5) mice and
control Lgr5-EGFP-ires-CreERT2;Rosa26-tdTomato (Lgr5Cont)
mice were treated with TAM for 5 days to facilitate simul-
taneous linear tracing and Lpar5 ablation in Lgr5þ ISCs.
Lgr5-driven lineage tracing labeled with tdTomato fluores-
cence protein (tdT) was detected in 37 ± 2.7% of the small
intestinal crypts of Lgr5Cont mice (Figure 5D) due to the
mosaic nature of expression in the Lgr5-EGFP-ires-CreERT2

knock-in mouse.34 Consistent with the decreased OLFM4þ

cells by Lpar5 loss, we observed a significant decrease in
tdTþ crypts (25.4 ± 2.7%) in Lgr5DLpar5 mice (Figure 5D),
demonstrating that ISC function is compromised in the
absence of LPA5. In addition, EGFPþ (enhanced green fluo-
rescent protein–positive) Lgr5 (Lgr5EGFP) cell numbers were
significantly reduced in Lgr5DLpar5 mice (4.26 ± 1.04 in
Lgr5Cont vs 2.94 ± 1.06 in Lgr5Lpar5) (Figure 5E).

To determine whether Lpar5 deletion affects the colony
forming ability of ISCs in 3D cultures, Lpar5f/f;Rosa-CreERT

enteroids were dispersed and seeded in Matrigel in the
presence or absence of 4OHT. Although we did not isolate
Lgr5þ stem cells, we made an assumption that there are
similar numbers of ISCs in both batches. Under this
assumption, the number of enteroids initially formed was
similar, but Lpar5KO enteroids failed to grow and the most of
the enteroids lost the integrity by day 3 (Figure 5F), con-
firming our earlier results that LPA5 is necessary for the
survival of enteroids. To assess the ability of ISCs to expand
and form enteroids, Lpar5f/f;Rosa-CreERT enteroids in
Matrigel were treated with 4OHT or sunflower oil for 16
hours before passage. We observed a marked decrease in
the number of enteroids initially formed by Lpar5KO enter-
oids (Figure 5G), indicating that the clonal expansion effi-
ciency of ISCs is diminished by Lpar5 deletion.
Lpar5 Loss Increases CXCL10 Expression
LPA evokes various immune responses including

chemotaxis, cytokine and chemokine secretion, and barrier
regulation.37 We postulated that Lpar5 loss alters the
expression of cytokines that induce epithelial cell apoptosis.
We therefore screened a mouse cytokine array using
conditioned media collected from Lpar5KO and Lpar5f/f

enteroids. We observed increased expression of CXCL10 in
Lpar5KO lysates (Figure 6A and Table 1). The expression
levels of SDF-1 and C5a were decreased in Lpar5KO enter-
oids, but the differences did not reach statistical signifi-
cance. CXCL10 can trigger apoptosis of various cell
types,38–40 while SDF-141 and C5a42 are implicated in tissue



Figure 3. LPA5 is necessary for the growth of enteroids. (A) Lpar5f/f and Lpar5f/f;RosaCreERT mouse enteroids were treated
with 1 mM 4OHT or ethanol (Cont) on day 0 (D0). Representative images taken on day 2 (D2) are shown. Data are representative
of >4 experiments. (B) The growth of enteroids in the presence of 4OHT was quantified by determining the surface area of
enteroids using ImageJ 1.53k. All data are presented as mean ± SD. ***P < .001, ****P < .0001 compared with D0 by 2-way
analysis of variance with Tukey’s multiple comparison test. n ¼ 10. (C) Representative immunofluorescence images of EdU
(green) and TUNEL (red) taken on D2 are shown. DAPI ¼ blue. (D) WT enteroids were treated with TC LPA5 4 (5 mM), an
antagonist for LPA5 for 3 days. Representative images from 3 experiments are shown.
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repair and inflammation. Therefore, we postulated that
CXCL10 is the probable candidate regulating IEC survival.
The effect on CXCL10 expression was corroborated by
increased Cxcl10 messenger RNA (mRNA) levels in Lpar5KO

enteroids (Figure 6B). CXCL10 signals through its receptor
CXCR3, which also binds CXCL9 and CXCL11.43 However, the
expression levels of CXCL9 and CXCL11 were not altered by
Lpar5 loss (Figure 6A and B). Given that the level of
apoptosis was greater in Lpar5KO mice along with severe
mucosal damage compared with Lpar5IECKO mice, we spec-
ulated CXCL10 levels to be different between Lpar5KO and
Lpar5IECKO mice. Consistently, we found both mRNA
(Figure 6C) and protein (Figure 6D) levels of CXCL10 to be
elevated in Lpar5KO mice compared with Lpar5IECKO mice.
CXCL10 was initially identified as an IFN-g–inducible pro-
tein,44 and because CXCL10 expression levels in Lpar5KO

mice were greater than in Lpar5IECKO mice, we questioned
whether IFN-g levels were also elevated in Lpar5KO mice.
Indeed, IFN-g expression in Lpar5KO mice was significantly
higher than Lpar5IECKO mice (Figure 6E). Lymphocytes are a
major producer of IFN-g in the intestine,45 and hence we
assessed the presence of T cells in the intestinal mucosa by
immunofluorescence staining for CD4. In keeping with the
difference in IFN-g levels, there were stepwise increases in
CD4þ cell abundance from control mice to Lpar5IECKO and to
Lpar5KO mice (Figure 6F and G), demonstrating the
correlation along the T cell-IFN-g–CXCL10 axis in the
absence of LPA5.
CXCL10 Induces LPA5-Dependent Epithelial Cell
Apoptosis

To determine whether CXCL10 can induce IEC apoptosis,
we treated enteroids with recombinant CXCL10. CXCL10
resulted in a concentration-dependent increase of TUNELþ

signals (Figure 7A). We next determined whether blockade
of CXCL10 signaling by neutralizing anti-CXCL10 (a-
CXCL10) antibody can prevent Lpar5-dependent cell death
in mouse enteroids. As shown in Figure 7B, the integrity of
the enteroids was preserved by a-CXCL10 antibody
compared with IgG treated control animals. In addition, the
size of enteroid with a-CXCL10 antibody increased
(Figure 7C), indicating that the enteroid growth was
resumed by neutralization of CXCL10. As expected,
decreased levels of apoptosis (Figure 7D and E) and
increased cell proliferation (Figure 7D and F) were observed
in enteroids treated with a-CXCL10 antibody. To determine
whether a-CXCL10 antibody protects stem cells, we deter-
mined OLFM4 expression in enteroids. As shown in
Figure 7G and quantified in Figure 7H, a-CXCL10 antibody
mitigated the loss of OLFM4þ cells by 4OHT. Consistent with
the change in OLFM4 expression, the colony-forming



Figure 4. IEC-specific loss of Lpar5 results in IEC death in mice and cultured enteroids. (A) Lpar5f/f and Lpar5f/f;AhCre
mice were treated by b-NF (80 mg/kg body weight) for 5 consecutive days and mice were euthanized 5 days after the
last treatment. Representative hematoxylin and eosin images showing the histology of the small intestine of Lpar5f/f and
Lpar5IECKO mice. Scale bar ¼ 100 mm. (B) Representative IF images of TUNEL (red) staining in the intestinal sections of
Lpar5f/f and Lpar5IECKO mice. Scale bar ¼ 100 mm. (C) Time course of epithelial cell apoptosis was determined by treating
Lpar5f/f;AhCre mice (left, n ¼ 80) or Lpar5f/f mice (right, n ¼ 30) with b-NF for 5 consecutive days from day 0 (D0) to D5.
TUNELþ cell numbers per crypt were quantified each day. All data are presented as mean ± SD. ***P < .001, ****P < .0001
compared with D0 by 1-way analysis of variance with Tukey’s multiple comparison test. (D) Representative images of EdUþ

cells in the crypts of Lpar5IECKO and Lpar5f/f mice. Scale bar ¼ 100 mm. (E) Quantification of EdUþ cells per crypt (mean ± SD)
in Lpar5f/f and Lpar5IECKO mice. n ¼ 30. ***P < .001 by unpaired, 2-tailed t test. (F) Enteroids from Lpar5f/f and Lpar5f/f;AhCre
mice were treated with 1 mM b-NF and images were taken before (0) and 72 hours of treatment. Representative of 3 exper-
iments. (G) Representative EdU (green), TUNEL (red), and DAPI (blue) staining of enteroids are shown.
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efficiency of Lpar5KO enteroids was significantly increased
in the presence of a-CXCL10 antibody, although it did not
achieve a full recovery (Figure 7I).

CXCL10 mediates its effects through the activation of its
receptor CXCR3.46 CXCR3 is typically expressed in T cells
and natural killer cells,46 but mouse colonic epithelium also
expresses CXCR3.12 Quantitative reverse-transcription po-
lymerase chain reaction (RT-PCR) analysis of Lpar5f/f,
Lpar5IECKO, and Lpar5KO mouse enteroids confirmed the
presence of CXCR3 in IECs, but interestingly, Lpar5 deletion
elevated CXCR3 mRNA levels (Figure 8A). We determined
whether inhibition of CXCR3 can equally protect IECs by
pretreating enteroids with a small molecule antagonist
AMG487 (1 mM) before deletion of Lpar5. Similar to
neutralizing CXCL10, blockade of CXCR3 with the inhibitor
prevented cell death and stimulated enteroid growth
(Figure 8B).

To investigate whether neutralizing CXCL10 can protect
mice in vivo, we administered a-CXCL10 antibody or control
IgG to Lpar5KO mice according to the treatment scheme
shown in Figure 9A. We observed that a-CXCL10 antibody
prevented body weight loss in Lpar5KO mice (Figure 9B). In
addition, neutralization of CXCL10 prevented apoptosis in
the intestinal crypts (Figure 9C and E) while promoting cell
proliferation (Figure 9D and F). These effects are specific to
Lpar5KO mice as IgG or a-CXCL10 antibody had no effect on
control mice (Figure 9G and H). Together, these results
demonstrate that Lpar5 loss induces IEC death in part
through CXCL10-mediated cytotoxicity and blockade of
CXCL10 can sufficiently prevent apoptotic death.
LPA5-Expressing Splenocytes Protect Lpar5-
Deficient IECs

Residing within the subepithelial compartment of the
intestine are multiple populations of hematopoietic immune
cells and mesenchymal cells. The phenotypic differences
between Lpar5IECKO and Lpar5KO mice implied that these



Figure 5. LPA5 regulates intestinal stem cells. (A) The effect of Lpar5 loss on ISCs was determined by IF microscopy of
OLFM4 in enteroids treated with b-NF. IEC apoptosis was determined by TUNEL. Scale bar ¼ 100 mm. (B) OLFM4þ stem cells
in the small intestinal crypts of Lpar5f/f, Lpar5IECKO, and Lpar5KO mice were visualized by IF confocal microscopy. Repre-
sentative of 3 experiments. Scale bar ¼ 50 mm. (C) Expression levels of ISC gene markers in isolated small intestinal crypts
from Lpar5f/f (black circle) and Lpar5IECKO (red square) mice were determined by quantitative RT-PCR. n ¼ 4. **P < .01, ***P <
.001, ****P < .0001 by unpaired, 2-tailed t test. (D) Representative images of lineage tracing emanating from Lgr5þ ISCs. Mice
were treated with TAM for 5 days before collecting intestinal tissues. Scale bar ¼ 100 mm. Lineage trace events were identified
as >5 tdTþ cells emanating from a crypt base and quantified. A total of >100 crypts per mouse were examined. n ¼ 4 mice per
genotype. Each data point represents the average of each mouse. **P < .01. (E) Representative images of EGFP (green) and
DAPI (blue) of the intestinal crypts of Lgr5Cont and Lgr5DLpar5 mice are shown. Scale bar ¼ 10 mm. A total of >40 crypts were
based on the presence of 3–5 Paneth cells per mouse examined. n ¼ 4. Each data point represents the average number of
EGFPþ cells per crypt in each mouse. **P < .01 by unpaired, 2-tailed t test. (F) Lpar5f/f;Rosa-CreERT enteroids were plated on
day 0 (D0) in the absence (W) or presence (K) of 4OHT. The number of viable enteroids was counted on D1 and D3. (G) Similar
numbers of Lpar5f/f;Rosa-CreERT enteroids in cultured in Matrigel were treated with 4OHT or sunflower oil for 16 hours.
Enteroids dispersed mechanically and embedded on fresh layers of Matrigel (D0). Viable enteroids were counted. Data are
presented as mean ± SD. n ¼ 6. *P < .05; ***P < .001; ****P < .0001. ns indicates not significant by 2-way analysis of variance
with Tukey’s multiple comparison test.
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Figure 6. Lpar5 loss increases the expression of CXCL10. (A) Lpar5f/f;RosaCreERT enteroids were treated with 4OHT. The
supernatant was harvested at 36 hours and used for a membrane-based cytokine array to identify cytokines altered by Lpar5
loss. Representative blots from 2 independent experiments. (B) Quantitative RT-PCR comparing the expression levels of
CXCL10, 9, and 11 in enteroids treated with 4OHT (T) or not (C). n ¼ 6. ****P < .0001 by unpaired, 2-tailed t test. (C) CXCL10
mRNA expression in Lpar5f/f, Lpar5KO, and Lpar5IECKO mouse intestine was compared and presented as fold changes (mean ±
SD) relative to control mice. n ¼ 4. **P < .01; ****P < .0001 by 1-way analysis of variance with Tukey’s multiple comparison
test. (D, E) CXCL10 and IFN-g expression levels in Lpar5f/f (Cont), Lpar5KO (KO), and Lpar5IECKO (IECKO) mouse intestine were
determined by ELISA. Representative of 2 experiments. n ¼ 8. *P < .05, ***P < .001, ****P < .0001 by 1-way analysis of
variance with Tukey’s multiple comparison test. (F) Representative confocal IF images of CDþ lymphocytes in the intestine. (G)
Immunofluorescence (IF) intensity of CD4 was normalized to DAPI. n ¼ 8. **P < .01, ***P < .001, ****P < .0001 by 1-way
analysis of variance with Tukey’s multiple comparison test.
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Table 1.Densitometric Analysis of Mouse Cytokine Blot

Layout of the cytokine blot

Pixel density values of each cytokine

Coordinate Target/Control

Control KO

Mean Control Mean KO P Value1 2 1 2

B1, B2 BLC (CXCL13/BCA-1) 0 0 0 0 0 0

B3, B4 C5/C5a 228 219 140 174 223.5 157 .407631

B5, B6 G-CSF 0 0 0 0 0 0

B7, B8 GM-CSF 0 0 0 0 0 0

B9, B10 I-309 (CCL1/TCA-3) 0 0 0 0 0 0

B11, B12 Eotaxin (CCL11) 0 0 0 0 0 0

B13, B14 sICAM-1 (CD54) 233 225 214 227 229 220.5 .480965

B15, B16 FN-Y 96 81 58 44 88.5 51 .407631

B17, B18 IL-1a (IL-1F1) 0 0 0 0 0 0

B19, B20 IL-1b (IL-1F2) 0 0 0 0 0 0

B21, B22 IL-1ra (IL-1F3) 230 222 208 217 226 212.5 .480965

B23, B24 IL-2 0 0 0 0 0 0

C1, C2 IL-3 0 0 0 0 0 0

C3, C4 IL-4 0 0 0 0 0 0

C5, C6 IL-5 0 0 0 0 0 0

C7, C8 IL-6 0 0 0 0 0 0

C9, C10 IL-7 0 0 0 0 0 0

C11, C12 IL-10 0 0 0 0 0 0

C13, C14 IL-13 0 0 0 0 0 0

C15, C16 IL-12 p70 0 0 0 0 0 0

C17, C18 IL-16 0 0 0 0 0 0

C19, C20 IL-17 0 0 0 0 0 0

C21, C22 IL-23 0 0 0 0 0 0

C23, C24 IL-27 0 0 0 0 0 0

D1, D2 CXCL10 (IP-10) 101 105 242 238 103 240 .004251

D3, D4 CXCL11 (I-TAC) 93 82 125 108 87.5 116.5 .420357

D5, D6 CXCL1 (KC) 62 31 86 75 46.5 80.5 .480965

D7, D8 M-CSF 0 0 0 0 0 0

D9, D10 CCL2/MCP-1 (JE) 0 0 0 0 0 0

D11, D12 CCL12 (MCP-5) 0 0 0 0 0 0

D13, D14 CXCL9 (MIG) 0 0 0 0 0 0

D15, D16 MIP-1a (CCL3) 0 0 0 0 0 0

D17, D18 MIP-1b (CCL4) 0 0 0 0 0 0

D19, D20 MIP-2 (CXCL2) 0 0 0 0 0 0

D21, D22 RANTES (CCL5) 0 0 0 0 0 0
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Table 1.Continued

Pixel density values of each cytokine

Coordinate Target/Control

Control KO

Mean Control Mean KO P Value1 2 1 2

D23, D24 SDF-1 (CXCL12) 126 168 68 83 147 75.5 .413314

E1, E2 TARC (CCL17) 0 0 0 0 0 0

E3, E4 TIMP-1 143 126 85 67 134.5 76 .32022

E5, E6 TNF-a 68 72 55 32 70 43.5 .480965

E7, E8 TREM-1 0 0 0 0 0 0

KO, knockout;

2022 LPA5 Regulates the Survival of Intestinal Crypt Cells 139
nonepithelial cells modulate the survival of ISCs and TA cells
in a LPA5-dependent manner. To test this hypothesis, we
isolated splenocytes from the spleen of Lpar5f/f (WT) and
Lpar5KO mice and co-cultured them with Lpar5f/f;Rosa-
CreERT enteroids. In comparison with enteroids treated with
4OHT alone (Figure 10A, i and i’), enteroids co-cultured with
WT splenocytes displayed the formation of crypt-like bud-
dings (Figure 10A, ii and ii’), indicating that the growth of
enteroids was sustained by WT splenocytes. This protective
effect was not observed when co-cultured with Lpar5KO

splenocytes (Figure 10A, iii and iii’), demonstrating that
Lpar5KO splenocytes lost the ability to protect epithelial
cells. These differences were confirmed by decreased levels
of TUNEL staining together with increased EdU staining in
enteroids co-cultured with WT splenocytes but not with
Lpar5KO splenocytes (Figure 10B). On the contrary, the
growth (Figure 10C) and survival of WT enteroids (per-
centages of surviving enteroids on D2/D0 were 97.8 ± 2.9%
without splenocytes, 98.1 ± 3.7% with WT splenocytes, and
98.1 ± 4.4% with Lpar5KO splenocytes) were not affected by
WT or Lpar5KO splenocytes. Further, we observed increased
OLFM4 immunofluorescence labeling (Figure 10D) and ISC-
specific Lgr5, Olfm4, Smoc2, and Ascl2 mRNA expression
(Figure 10E) in enteroids co-cultured with WT splenocytes,
demonstrating the protection of ISCs by WT splenocytes.

Although WT splenocytes protect Lpar5KO enteroids,
how this protective effect is manifested is not clear. Recent
studies have demonstrated that T cells in the crypt
compartment modulates the fate of intestinal stem cells.3,47

IL-10 secreted by CD4þ T helper cells, for example, pro-
motes stem cell renewal.3 Interestingly, we observed that Il-
10 mRNA levels were lower in Lpar5KO splenocytes
compared with WT splenocytes (Figure 11A). Therefore, we
postulated that IL-10 secreted by lymphocytes might pre-
vent IEC death by mitigating CXCL10-dependent cytotoxic
effects. In line with this postulation, we found that the
expression levels of Cxcl10 mRNA in Lpar5KO enteroids
co-cultured with WT splenocytes were significantly dimin-
ished compared with those co-cultured with Lpar5KO sple-
nocytes (Figure 11B). To assess a direct effect of IL-10 on
CXCL10, we treated Lpar5KO enteroids with IL-10 for 2 days.
We observed that Cxcl10mRNA expression was significantly
diminished by IL-10 (Figure 11C). Further, IL-10 protected
Lpar5KO enteroids so that there were increased numbers of
viable enteroids in the presence of IL10 (Figure 11D).
Consistent with the notion that IL-10 antagonizes CXCL10,
addition of IL-10 to the coculture containing Lpar5KO sple-
nocytes decreased Cxcl10 mRNA expression (Figure 11E)
(KO vs KOþIL10). Additionally, IL-10 increased cell prolif-
eration, while preventing cell death (Figure 11F–H) (KO vs
KOþIL10). To prove that IL-10 released by WT splenocytes
indeed protects Lpar5KO enteroids, Lpar5KO enteroids were
co-cultured with WT splenocytes in the presence or absence
of a-IL-10 antibody. Neutralizing IL-10 increased Cxcl10
expression (Figure 11E) (WT vs WTþaIL10), which blocked
cell proliferation (Figure 11H, WT vs WTþaIL10) while
promoting apoptosis (Figure 11G) (WT vs WTþaIL10).
Together, these data suggest that IL-10 secreted by WT
lymphocytes protect Lpar5-deficient crypt epithelial cells by
suppressing the cytotoxic effects of CXCL10.
Discussion
In this study, we demonstrate that LPA5 plays a critical

role in the maintenance of stem cells and TA cells in the
intestine. Loss of Lpar5 impairs the epithelial renewal,
resulting in near complete atrophy of the intestinal tract.
Using intestinal enteroids, we show that LPA5 is necessary
to support the survival of ISCs and TA cells. However, IEC-
specific Lpar5 deletion was not sufficient to cause mucosal
damage in the mouse intestine despite increased apoptosis
in the intestinal crypts. Our data subsequently showed that
lymphocytes protect ISCs and TA cells in a LPA5-dependent
modulation of CXCL10 expression.

At the bottom of each crypt in the intestine, about a
dozen Lgr5þ stem cells reside intercalated with the Paneth
cells.34 In addition to Lgr5þ stem cells, there are reserved
stem cells, marked by enriched expression of Bmi1 or Lrig1,
that are thought to regenerate actively proliferating Lgr5þ

stem cells following severe intestinal crypt damage.48 Pre-
vious single-cell sequencing analyses have shown the
presence of Lpar5 mRNA in mouse and human Lgr5þ

ISCs.49,50 In addition, Lpar5 mRNA was detected in Lrig1þ

stem cells.49 We provide here experimental evidence that
LPA5 regulates ISCs. First, IEC-specific deletion of Lpar5
resulted in decreased Olfm4þ stem cell numbers in the



Figure 7. Neutralizing anti-CXCL10 antibody attenuates IEC apoptosis. (A) Enteroids derived from WT mouse intestine
were incubated with different concentrations of recombinant CXCL10. Representative images of TUNEL and bright field are
shown. (B) Enteroids from Lpar5f/f;RosaCreERT mice were treated with 4OHT in the presence of anti-CXCL10 (a-CXCL10)
antibody or isotype control antibody (IgG). Enteroids untreated with 4OHT (Cont) were used for comparison. Representative of
3 experiments. (C) The growth of enteroids in the presence of IgG or a-CXCL10 antibody was quantified by determining the
surface area of enteroids using ImageJ. All data are presented as mean ± SD. n ¼ 20. ****P < .0001.. (D) Enteroids on day 1
(D1) were stained for apoptosis (TUNEL) and proliferation (EdU). (E, F) Quantification of TUNELþ and EdUþ cells are shown. n ¼
10. *P < .05, **P < .01, ****P < .0001, ns not significant by 1-way analysis of variance with Tukey’s multiple comparison test.
(G) Representative OLFM4 and TUNEL IF images of enteroids from 3 experiments are shown. (H) Quantification of OLFM4þ

cells per enteroids. n ¼ 10. *P < .05, **P < .01, ns not significant. (I) Colony-forming efficiencies of enteroids were determined.
Data are presented as mean ± SD. n ¼ 6. *P < .05; ***P < .001; ****P < .0001. ns indicates not significant by 2-way analysis of
variance with Tukey’s multiple comparison test.
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Figure 8. Blockade of CXCR3 inhibits epithelial cell apoptosis. (A) CXCR3 mRNA expression was determined in Lpar5f/f,
Lpar5KO, and Lpar5IECKO organoids. n ¼ 4. **P < .01, ***P < .001. (B) Representative images of organoids treated with 4OHT or
4OHT plus CXCR3 inhibitor AMG487. Immunofluorescence images of TUNEL and DAPI on day 2 are shown. TUNELþ cells per
organoids are quantified on the right. Data are presented as mean ± SD. n ¼ 10. **P < .01; ***P < .001. ns indicates not
significant by 1-way analysis of variance with Tukey’s multiple comparison test.
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intestine. Second, Lpar5 loss in Lgr5þ ISCs mitigated lineage
tracing emanating from Lgr5þ stem cells and decreased the
number of EGFP-expressing Lgr5þ ISCs. Third, Lpar5 loss
decreased the clonogenicity of enteroids that requires
functional ISCs. It has been shown that acute ablation of
Lgr5þ ISCs does not compromise epithelial integrity because
other cells replenish the Lgr5þ ISCs.36,51 On the other hand,
a recent study by the Barker group showed that higher
ablation efficiency of Lgr5þ ISCs compromises small intes-
tinal integrity and impairs intestinal homeostasis.52 We
found in this study that the levels of crypt cell apoptosis in
Lpar5IECKO mouse small intestine were lower compared to
Lpar5KO intestine. Therefore, we inferred that the pheno-
typic difference between Lpar5KO and Lpar5IECKO intestine
reflect the differential extent of ISCs and TA cell ablation.

A recent study by Konno et al20 demonstrated the role of
LPA on the growth of enteroids. LPA can substitute EGF to
promote the growth and differentiation of IECs in enter-
oids.20 Our previous studies have shown that LPA5 trans-
activates the EGF receptor,53,54 but the findings in the
current study indicate that the loss of LPA5 function in
Lpar5KO or Lpar5DIEC enteroids cannot be explained solely
by the loss of EGF receptor activity because EGF was pre-
sent in the culture media. Single cell-sequencing analyses
have shown the presence of Lpar5 mRNA is multiple types
of cells, including ISCs, TA cells, mature enterocytes, mac-
rophages, and lymphocytes.50 LPA regulates major signaling
pathways, including the Wnt, PI3K, mitogen-activated pro-
tein kinase, and Hippo-YAP pathways, which are required
for the maintenance of stem cells.55–57 Given the expression
of Lpar5 in ISCs and TA cells, we speculate that the loss of
LPA5-mediated signaling disrupts the balance in cellular
signaling that maintains the stem cell niches, rather than
specifically injuring ISCs or progenitors. Future studies are
required to decode LPA5-mediated cellular signaling that
regulates ISC and progenitors.

Previous studies have shown that IECs are a major
source of CXCL10.7,8,58 In the current study, we found
upregulation of CXCL10 expression by Lpar5 loss in both
intestinal enteroids and mouse intestine. In addition, the
CXCR3 mRNA levels in IECs were found to be elevated by
Lpar5 loss. Although CXCL9, CXCL10, and CXCL11 share the
same receptor, CXCR3, we did not find CXCL9 or CXCL11
expressed altered by Lpar5 loss. Previous studies showed
that these chemokines are differentially expressed in
different pathological conditions, suggesting that they have
nonredundant functions.46 We found that recombinant
CXCL10 induced epithelial cell apoptosis in mouse intestinal
enteroids, consistent with previous studies demonstrating
the cytotoxic effects of CXCL10 on several types of cells,
including neurons,38 lymphocytes,39 and hepatocytes.40

Importantly, neutralizing CXCL10 signaling prevented cell
death induced by Lpar5 loss, demonstrating that the upre-
gulation of CXCL10 is a major cause of LPA5-dependent IEC
death. Consistent with our data, blockade of CXCL10 was
shown to enhance crypt cell survival and protect mice from
acute colitis.11,12 CXCL10 blockade impairs the recruitment
of lymphocytes into the brain59 and colon,11 whereas
increased CXCL10 secretion is associated with enhanced T
cell infiltration.60,61 We observed increased levels of both
CXCL10 and IFN-g along with increased infiltration of T cells
in Lpar5KO mice compared with Lpar5IECKO mice. In keeping
with our data, increased levels of IFN-g and CXCL10 are
observed in many T helper-1–type inflammatory diseases,
including diabetes,62 multiple sclerosis,59 and celiac dis-
ease.8 The direct effect of IFN-g on CXCL10 production has
been demonstrated in patients with systemic lupus erythe-
matosus63 and in mouse colon.64

The crypt base region where ISCs and their niche reside
is a primary site of T cell invasion within the intestinal
mucosa during immune-mediated GI damage,47 and several
studies have shown important roles that immune cells play
in ISC homeostasis.3,47 Biton et al3 recently reported that
regulatory T cells stimulate stem cell renewal via secretion
of IL-10. In addition, IL-10 was shown to suppress Cxcl10
transcription.65 Remarkably, Il-10 mRNA expression levels
differed between WT and Lpar5KO splenocytes, and our data
showed that WT splenocytes or addition of IL-10



Figure 9. CXCL10
neutralization protects
Lpar5KO mice. (A) Lpar5f/f;
Rosa-CreERT mice treated
with TAM for 2 days were
administered a-CXCL10 or
control IgG as indicated in
the scheme. (B) Body
weights expressed as
percent of the initial body
are shown. UT indicates
mice not treated with TAM.
TAM indicates treated with
TAM. n ¼ 4. Representa-
tive of 3 independent ex-
periments. ****P < .0001
vs IgG. ns, a-CXCL10 vs
UT. (C, D) Representative
IF images showing
TUNELþ and EdUþ cells in
intestinal sections. Scale
bar ¼ 50 mm. (E, F) Quan-
tification of TUNELþ or
EdUþ cells per crypt are
shown. There were �30
crypts. Data are presented
as mean ± SD. n ¼ 30. ***P
< .001, ****P < .0001, ns
not significant by 1-way
analysis of variance with
Tukey’s multiple compari-
son test. (G) Representa-
tive IF images of TUNEL
and EdU labeling in control
Lpar5f/f mice treated with
IgG or a-CXCL1 antibody
are shown. (H) Quantifica-
tion of the number of
TUNELþ and EdUþ cells
per crypt in Lpar5f/f mice is
shown. n > 30.
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downregulated Cxcl10 expression and protected enteroids
from apoptosis. Moreover, neutralizing IL-10 lowered
Cxcl10 expression and blocked the protective effects of WT
splenocytes, affirming the protective effects of IL-10. Our
data therefore indicate that WT lymphocytes in Lpar5IECKO

mice produce IL-10 that antagonizes CXCL10 and protects
ISCs and progenitors. By contrast, IL-10 expression in LPA5-
deficient lymphocytes in Lpar5KO mice was low and unable
to modulate CXCL10, and hence failed to prevent epithelial
ablation. Interestingly, LPA5 was shown to have a strong
inhibitory effect on tumor necrosis factor a (TNF-a) pro-
duction by macrophages via upregulation of IL-10.66
However, others have shown that pharmacological inhibi-
tion of LPA5 in microglia cells inhibits secretion of proin-
flammatory cytokines in microglia cells,67 indicating that the
role of LPA5 in immunity may be context dependent.

One notable finding of the current study is the striking
difference between constitutive deletion of Lpar5 vs condi-
tional deletion. Constitutive or germline deletion of a gene
often results in severe phenotype revealing the critical
importance of the gene in developmental process. For
example, constitutive deletion of the Enpp2 gene encoding
autotaxin results in prenatal demise owing to the vascular
defects in embryos,68 but similar lethal effects are not



Figure 10. WT splenocytes (SP) protect stem cells and progenitors from Lpar5-dependent apoptosis. (A) Enteroids were
co-cultured with SP from WT or Lpar5KO (KO) mice. Representative images from 3 experiments are shown. The size of
enteroids was quantified by determining the surface area of enteroids using ImageJ. n ¼ 20. *P < .05, **P < .01, ****P < .0001
by 2-way analysis of variance with Tukey’s multiple comparison test. (B) Apoptosis and proliferation of IECs were determined
by immunofluorescence microscopy. Apoptotic (TUNEL) and proliferating (EdU) cells were quantified. Data are presented as
mean ± SD. n ¼ 10. *P < .05, ****P < .0001. (C) Growth of WT enteroids in the presence of WT or Lpar5KO splenocytes was
determined. Representative phase-contrast and confocal TUNEL IF images of enteroids are shown. (D) Representative
confocal immunofluorescence microscopic images of enteroids stained for OLFM4 are shown. Relative IF intensity of OLFM5
was quantified below. n ¼ 10. ****P < .0001. (E) Expression levels of stem cell markers, Lgr5, Olfm4, Smoc2, and Ascl2, were
determined. N indicates Lpar5KO enteroids alone; W indicates Lpar5KO enteroids co-cultured with WT splenocytes; K indicates
Lpar5KO enteroids co-cultured with Lpar5KO splenocytes. Data are presented as mean ± SD. *P < .05, **P < .01, ***P < .001,
****P < .0001 by 1-way analysis of variance with Tukey’s multiple comparison test. ns indicates not significant by 1-way
analysis of variance with Tukey’s multiple comparison test.
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Figure 11. Decreased IL-10 expression in Lpar5-deficient splenocytes. (A) Il-10 mRNA expression was determined in WT
and Lpar5KO (KO) splenocytes. n ¼ 3. *P < .05. (B) The effects on splenocytes on Cxcl10 mRNA expression in Lpar5KO

organoids were determined. N indicates no splenocytes; W indicates co-cultured with WT splenocytes; and K indicates co-
cultured with Lpar5KO splenocytes. n ¼ 4. **P < .01; ***P < .001. (C) Cxcl10 mRNA levels were determined in Lpar5KO

organoids with or without IL-10. n ¼ 4. **P < .01. (D) Lpar5KO enteroids were cultured with or without 100 ng/mL IL-10.
Numbers of viable enteroids were counted. n ¼ 6. ***P < .001; ****P < .0001. (E) Cxcl10 expression levels were determined
in Lpar5KO enteroids co-cultured with Lpar5KO splenocytes (KO), Lpar5KO splenocytesþIL10 (KOþIL10), WT splenocytes (WT),
or WT splenocytesþa-IL10 antibody (WTþaIL10). n ¼ 4. ***P < .001; ****P < .0001. (F) Representative confocal IF microscopic
images of enteroids stained for EdU or TUNEL under the same conditions described previously. Quantification of (G) EdUþ or
(H) TUNELþ per enteroid are shown. n ¼ 10. **P < .01; ***P < .001; ****P < .0001. ns indicates not significant by 1-way analysis
of variance with Tukey’s multiple comparison test.
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observed by postnatal loss of Enpp2.69,70 On the other hand,
mutations in germline cells are less frequent than sponta-
neous mutations and genetic compensations may mask a
phenotype of a germline defect.71 Unlike the phenotype of
Lpar5KO mice, constitutive deletion of Lpar5 does not cause
a change in a baseline phenotype.27 The absence of a gross
phenotype by constitutive Lpar5 ablation suggests that LPA5

functions in the developing embryos are masked by yet
unknown compensatory responses.

Accumulating evidence links aberrant LPA signaling to
inflammation in the gut.70,72,73 Recent genome-wide asso-
ciation studies have identified a single nucleotide poly-
morphism in G protein–coupled receptor GPR35
(rs4676410) among patients with IBD.74,75 Importantly,
LPA has been identified as an endogenous ligand of GPR35,
associating aberrant LPA-mediated signaling to the patho-
genesis of IBD.76 More recently, loss of GPR35 signaling in
CX3CR1þ macrophages has been shown to exacerbate
dextran sodium sulfate–induced colitis in mice by altering
TNF synthesis.77 We have shown recently that the absence
of LPA5 in IECs compromises the epithelial barrier function
and increases the susceptibility to dextran sodium
sulfate–induced colitis.24 However, despite the striking
phenotypic changes observed in mice lacking LPA5, there is
no evidence linking mutations in Lpar5 gene to GI disorders
in humans. Interestingly, a Lpar5 genetic variant is associ-
ated with increased levels of triglyceride and high density-
lipoprotein cholesterol in circulation that increase the risk
of coronary heart disease.78 Patients with IBD have an
elevated risk of cardiovascular morbidity relative to the
general population,79–81 but whether the Lpar5 variant is
present in the subset of IBD patients with hyperlipidemia is
not yet known.

We demonstrate here that inducible deletion of LPA5

causes a major defect in the GI system by inducing apoptotic
loss of stem cells and TA cells, which compromises the
regenerative capacity of the GI tract, resulting in increased
morbidity. However, the maintenance of intestinal epithe-
lium by LPA5 is orchestrated between the crosstalk between
the epithelial stem cells or progenitors and lymphocytes in
the crypt compartment that regulate anti-inflammatory IL-
10 while keeping cytotoxic CXCL10 in check.
Materials and Methods
Mice

Lpar5f/f mice generated by the Mouse Transgenic Core at
Emory University were previously described.23 C57BL/6,
Rosa26-CreERT, Lgr5-EGFP-ires-CreERT2, and Rosa26-
tdTomato mice were obtained from the Jackson Labora-
tory (Bar Harbor, ME) and housed in specific pathogen-free
conditions. AhCre mice32 were provided by Dr. Douglas J.
Winton (Cancer Research UK Cambridge Institute). Lpar5f/f

mice were bred with Rosa-CreERT mice and AhCre to
obtain Lpar5f/f;RosaCreERT (Lpar5KO) and Lpar5f/f;AhCre
(Lpar5IECKO) mice, respectively. Lpar5f/f mice bled with
Lgr5-EGFP-ires-CreERT2 mice, followed by crossing with
Rosa26-tdTomato mice, resulting in Lpar5f/f;Lgr5-EGFP-
IRES-CreERT2;Rosa26-tdTomato (Lgr5Lpar5) mice and control
Lgr5-EGFP-ires-CreERT2;Rosa26-tdTomato (Lgr5Cont). All mice
were kept on ad libitum normal chow and water. To induce
recombination, mice were injected intraperitoneally with
TAM dissolved in corn oil (10 mg/mL; Sigma-Aldrich, St.
Louis, MO) at 40 mg/kg for 5 consecutive days unless
otherwise noted. Lpar5f/f;AhCre mice were given intraperi-
toneal injections of 80 mg/kg b-NF dissolved in corn oil (8
mg/mL) for 5 consecutive days. For all experiments, gender-
matched mice between the ages of 8 and 12 weeks were
used. To determine the number of actively dividing cells in
the intestine, mice were injected with EdU (20 mg/kg body
weight) by intraperitoneal injection 2 hours prior to
euthanasia. All animal experiments were conducted under
approval by the Institutional Animal Care and Use Com-
mittee of Emory University and in accordance with the
National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals.
Intestinal Crypt Isolation and 3-Dimensional
Culture of Enteroids

Mouse small intestinal crypts were cultured as previ-
ously described.31 In brief, isolated small intestine was cut
longitudinally and washed with cold phosphate-buffered
saline (PBS). Crypts were incubated for 1 hour at room
temperature in Gentle Cell Dissociation Reagent (STEMCELL
Technologies, Vancouver, Canada) and released from tissue
by gentle agitation. Crypts were then passed through a 70-
mm cell strainer and the crypt fraction was enriched by
centrifugation. Crypts were embedded in Matrigel and
cultured in growth media (50% advanced Dulbecco’s
modified Eagle medium/F-12, 50% L-WRN, 10% fetal
bovine serum [FBS], N-2 media supplement, B-27 supple-
ment, 100 units/mL penicillin, and 0.1 mg/mL strepto-
mycin). Media were replenished every 2–3 days.
Enzyme-Linked Immunosorbent Assay
Mouse jejunum sections were harvested and washed

with ice-cold PBS for 3 times. A total of 20 mg of tissues
were resuspended in 700 mL of lysis buffer (20 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1%
Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1 mM Na3VO4, 1 mg/mL leupeptin,
protease inhibitor cocktail, 1 mM phenylmethylsulfonyl
fluoride). Samples were sonicated and centrifuged at 13,000
rpm for 15 minutes at 4 �C. Cleared supernatants were
diluted 1:10 or 1:100 using assay buffer and used for
enzyme-linked immunosorbent assay (ELISA) assay using
the Mouse IFN-g ELISA kit and Mouse CXCL10 ELISA kit
(RayBiotech, Norcross, GA) according to the manufacturer’s
instruction.
Treatment of Enteroids With Anti-CXCL10
Antibody and CXCR3 Inhibitor

Enteroids were treated with 1 mM 4OHT alone or
together with anti-CXCL10 antibody (AF-466-NA, 100 ng/
mL; R&D Systems, Minneapolis, MN). As a control, isotype
IgG antibody (31933; Thermo Fisher Scientific, Waltham,



Table 2.Primers Used for Quantitative RT-PCR

50-30

Lpar5 Forward GCTCCAGTGCCCTGACTATC
Reverse GGGAAGTGACAGGGTGAAGA

Cxcr3 Forward TGCTAGATGCCTCGGACTTT
Reverse CGCTGACTCAGTAGCACAGC

Cxcl9 Forward AAAATTTCATCACGCCCTTG
Reverse TCTCCAGCTTGGTGAGGTCT

Cxcl10 Forward CCCACGTGTTGAGATCATTG
Reverse CACTGGGTAAAGGGGAGTGA

Cxcl11 Forward AGTAACGGCTGCGACAAAGT
Reverse GCATGTTCCAAGACAGCAGA

Il-10 Forward AGCCGGGAAGACAATAACTG
Reverse TCATTTCCGATAAGGCTTGG

Lgr5 Forward CACCAGCTTACCCCATGACT
Reverse CTCCTGCTCTAAGGCACCAC

Olfm4 Forward GCCAGATCTTGGCTCTGAAG
Reverse GCCAGTTGAGCTGAATCACA

Somc2 Forward ACACTCTGGACCGAGCAAGT
Reverse GCATTGCACTGGCTTGTAGA

Ascl2 Forward GGTGACTCCTGGTGGACCTA
Reverse TCCGGAAGATGGAAGATGTC

b-actin Forward AGCCATGTACGTAGCCATCC
Reverse TCTCAGCTGTGGTGGTGAAG

RT-PCR, reverse-transcription polymerase chain reaction.
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MA) was used. To block CXCR3, enteroids were treated with
AMG487 (10 mM; Cayman Chemical, Ann Arbor, MI) or
dimethyl sulfoxide as a control. EdU and TUNEL staining
was processed as described above.

Treatment of Mice With Anti-CXCL10 Antibody
Lpar5f/f;RosaCreERT mice, gender and age matched, were

given TAM (100 mg/kg body weight/d) for 2 consecutive
days. Group 1 and group 2 were administered 100 ug anti-
mouse CXCL10 antibody or isotype IgG, respectively, on
alternate days for 3 times. Group 3 received the same vol-
ume of PBS. On day 7, each mouse was administered EdU
and euthanized 2 hours later.

Co-Culture of Enteroids With Splenocytes
A single cell suspension of lymphocytes from spleen was

generated as previously described.82 Briefly, freshly isolated
spleen from Lpar5f/f or Lpar5KO mice placed in a 60 mm
petri dish with ice-cold 5 mL Hank’s Balance Salt Solution
buffer and was minced into small pieces with a razor blade.
Excised spleen pieces were mashed through a sterile 100
mm strainer with the plunger of a 1 mL syringe. Cells passed
through the strainer were centrifuged at 500 g for 5 mi-
nutes at 4 �C. The cell pellet was resuspended in 5 mL of
cold 1� red blood cell Lysis buffer (eBioscience, San Diego,
CA) and incubated at room temperature for 3–4 minutes.
Cells were washed with 10 mL ice-cold PBS and centrifuged
at 500 g for 5 minutes at 4 �C. The cell pellet was
resuspended in complete Dulbecco’s modified Eagle me-
dium media (10% FBS 10 mm HEPES, pH 7-4, 10 mM
L-glutamine, plus 10% FBS 100 U/mL of penicillin, and 100
mg/mL of streptomycin). Cell numbers were counted using a
hemocytometer. At the same time, intestinal crypts were
isolated from a 6- to 8-week-old Lpar5f/f;RosaCreERT mouse
and approximately 500 crypts were embedded in Matrigel.
Splenocytes were activated by using 10 mg/mL lipopoly-
saccharide (eBioscience). Activate splenocytes were added
to enteroids at the ratio of 100,000 splenocytes to 500
crypts.

Treatment of Enteroids With IL-10 or Anti-IL-10
Antibody

Enteroids were treated with 1 mM 4OHT alone or
together with 100 ng/mL mouse IL-10 (417-ML; R&D Sys-
tems). In some experiments, enteroids were co-cultured
with splenocytes with or without rat anti-mouse IL-10
antibody (MAB417; R&D Systems).

Quantitative RT-PCR
Intestinal mucosal scrapes and cultured enteroids were

harvested to extract total RNA with the RNeasy Mini kit
(Qiagen, Hilden, Germany). One microgram of total RNA was
used for cDNA synthesis using the First Strand cDNA Syn-
thesis Kit (Thermo Fisher Scientific) according to the man-
ufacturer’s instruction. Quantitative PCR was performed
with iQ SYBR Green Supermix (Bio-Rad Laboratories, Her-
cules, CA) on the Mastercycler Realplex (Eppendorf,
Hamburg, Germany). PCR primer sequences are listed in
Table 2.

Cytokine Array
Lpar5f/f;RosaCreERT enteroids on day 2 of culture were

treated with 4OHT or vehicle. Thirty-six hours later, condi-
tioned medium was collected and concentrated with Amicon
Ultra-4 centrifugal filters. Cytokine expression in the
concentrated conditioned medium was determined by using
the Proteome Profiler Mouse Cytokine Array Kit (Cat no.
ARY006; R&D Systems), a membrane-based sandwich
immunoassay, following the manufacturer’s instruction.

Immunohistochemistry
Intestinal segments were fixed with 10% formalin,

embedded in paraffin, and processed into sections at the 5-
mm thickness. Paraffin-embedded sections were deparaffi-
nized and rehydrated in a graded series of xylene and
ethanol, followed by an antigen-unmasking procedure via a
pressure cooker and sodium citrate buffer (10 mM sodium
citrate, 0.05% Tween 20, pH 6.0). Immunohistochemical
staining for CC3 with anti-CC3 antibody (PA5-114687,
1:200; Invitrogen, Waltham, MA) was performed as in pre-
viously described.83

Immunofluorescence, EdU, and TUNEL Staining
After flushing with cold PBS, small intestinal tissues

were incubated overnight in 30% sucrose in PBS for cry-
oprotection. Six-micron cryostat sections were prepared and
stored at –80 �C until needed. The frozen sections were
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fixed with ice-cold 100% ethanol and acetone at the ratio of
1:1 for 10 minutes at –20 �C. After fixation, tissues and cells
were permeabilized with 0.2% Triton X-100 for 10 minutes,
blocked in PBS containing 5% goat serum for 1 hour at
room temperature prior to incubation overnight with anti-
OLFM4 antibody (D6Y5A, 1:500 dilution; Cell Signaling
Technology, Boston, MA), anti-GFP antibody (GFP-1020,
1:500 dilution; Aves Labs, Davis, CA), or anti-CD4 antibody
(MAB554, 1:500 dilution; R&D Systems) at 4 �C. Sections
were then stained with Alexa Fluor 488 conjugated Goat
anti-rabbit antibody (A11034, 1:500; Invitrogen), Alexa
Fluor 488 conjugated Donkey anti-chicken antibody (703-
545-155, 1:500 dilution; Jackson ImmunoResearch, West
Grove, PA), or Alexa Fluor 488 conjugated Goat anti-mouse
antibody (A28175, 1:1000 dilution, Invitrogen) for 1 hour at
room temperature. EdU-labeled cells were stained using the
Click-iT EdU Cell Proliferation kit (Thermo Fisher Scientific).
TUNEL staining was performed on intestinal tissues and
enteroids using in situ cell death detection kit (Milli-
poreSigma, St. Louis, MO) according to the manufacturer’s
instruction. Images were taken using a Nikon A1R HD
confocal microscope (Nikon Instruments, Melville, NY).
Statistical Analysis
Statistical analysis was performed by unpaired Student’s

t test or 1-way or 2-way analysis of variance, followed by
Tukey post hoc analysis using GraphPad Prism software
version 9 (La Jolla, CA). Results are presented as mean± SD.
A value of P < .05 was considered significant.
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