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SUMMARY

This study identified a novel inflammatory bowel disease–
associated protein TM9SF4, which impacts inflammatory
bowel disease progression via regulating endoplasmic re-
ticulum stress and inflammation in both intestinal epithelial
cells and macrophages.

BACKGROUND & AIMS: Inflammatory bowel disease (IBD) is a
major intestinal disease. Excessive inflammation and increased
endoplasmic reticulum (ER) stress are the key events in the
development of IBD. Search of a genome-wide association study
database identified a remarkable correlation between a
TM9SF4 single-nucleotide polymorphism and IBD. Here, we
aimed to resolve its underlying mechanism.

METHODS: The role of TM9SF4 was determined with experi-
mental mouse models of IBD. ER stress cascades, barrier
functions, and macrophage polarization in colonic tissues and
cells were assessed in vivo and in vitro. The expression of
TM9SF4 was compared between inflamed regions of ulcerative
colitis patients and normal colon samples.

RESULTS: In mouse models of IBD, genetic knockout of the
TM9SF4 gene aggravated the disease symptoms. In colonic
epithelial cells, short hairpin RNA–mediated knockdown of
TM9SF4 expression promoted inflammation and increased ER
stress. In macrophages, TM9SF4 knockdown promoted M1
macrophage polarization but suppressed M2 macrophage po-
larization. Genetic knockout/knockdown of TM9SF4 also dis-
rupted epithelial barrier function. Mechanistically, TM9SF4
deficiency may act through Ca2þ store depletion and cytosolic
acidification to induce an ER stress increase. Furthermore, the
expression level of TM9SF4 was found to be much lower in the
inflamed colon regions of human ulcerative colitis patients than
in normal colon samples.

CONCLUSIONS: Our study identified a novel IBD-associated
protein, TM9SF4, the reduced expression of which can aggra-
vate intestinal inflammation. Deficiency of TM9SF4 increases
ER stress, promotes inflammation, and impairs the intestinal
epithelial barrier to aggravate IBD. (Cell Mol Gastroenterol
Hepatol 2022;14:245–270; https://doi.org/10.1016/
j.jcmgh.2022.04.002)

Keywords: Inflammatory Bowel Disease; Inflammation; ER
Stress; TM9SF4; Intestinal Homeostasis.

nflammatory bowel disease (IBD) is a common
Ichronic inflammatory intestinal disorder of the
gastrointestinal tract, which can be grouped into 2 principal
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Abbreviations used in this paper: ATP, adenosine triphosphate;
BMDM, bone marrow-derived macrophage; cDNA, complementary
DNA; CFSE, carboxyfluorescein succinimidyl ester; CHOP, C/EBP
homologous protein; COX2, cyclooxygenase 2; DHE, dihydroethidium;
DSS, dextran sulfate sodium; ER, endoplasmic reticulum; FACS, fluo-
rescence-activated cell sorter; FBS, fetal bovine serum; FITC, fluo-
rescein isothiocyanate; GRP78, glucose-regulated protein 78; HCEC,
human colonic epithelial cell line; IBD, inflammatory bowel disease;
IEC, intestinal epithelial cell; IFN, interferon; IL, interleukin; iNOS,
inducible nitric oxide synthase; KEGG, Kyoto Encyclopedia of Genes
and Genomes; KO, knockout; LPS, lipopolysaccharide; MerTK, –Mer
tyrosine kinase; mRNA, messenger RNA; PBS, phosphate-buffered
saline; PGN, peptidoglycan; qRT-PCR, quantitative reverse-
transcription polymerase chain reaction; ROS, reactive oxygen spe-
cies; shRNA, short hairpin RNA; TER, transepithelial resistance;
TM9SF, transmembrane 9 protein; TNBS, trinitrobenzene sulfonic acid;
TNF, tumor necrosis; UC, ulcerative colitis; WT, wild-type; ZO-1, zon-
ula occludens-1; 4-PBA, 4-phenylbutyric acid.
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types: ulcerative colitis (UC) and Crohn’s disease. Multiple
factors, such as host genetic background, environmental and
luminal factors, excessive inflammation, and inappropriate
immune responses have been suggested to contribute to
IBD pathogenesis.1,2 However, the detailed disease mecha-
nisms of IBD are complicated and incompletely understood.
Various animal models of IBD have been developed that
provided indispensable insights into the pathogenesis of
IBD. Dextran sulfate sodium (DSS)- and trinitrobenzene
sulfonic acid (TNBS)-induced colitis are among the most
widely used animal models of IBD.3–5 In terms of patho-
genesis, the DSS model is more relevant to UC, whereas the
TNBS model is more relevant to Crohn’s disease.3–5

Excessive colonic inflammation, both in intestinal
epithelial cells (IECs) and colonic macrophages, underpins
IBD.1,2,6 IECs constitute the surface barrier responsible for
absorption of electrolytes and protection from gut micro-
biota.7 IECs are constantly exposed to various antigenic
factors and bacterial toxins, such as lipopolysaccharides
(LPS) from gram-negative bacteria and peptidoglycan (PGN)
from gram-positive bacteria. In response, IECs release
proinflammatory chemokines and cytokines, which are early
signals to activate mucosal inflammatory responses.7 On the
other hand, colonic macrophages originate mostly from
circulating monocytes.8 After adhering and migrating to
colonic sites, monocytes differentiate into 2 types of mac-
rophages, namely, M1 and M2 macrophages.8 At the early
stage of tissue injury or colonic infection, M1 macrophages
secrete proinflammatory cytokines, such as interleukin (IL)
1b, IL6, and tumor necrosis factor a (TNFa), to promote
inflammation. However, at the late stage, M2 macrophages
secrete anti-inflammatory mediators, such as arginase I and
IL10, to antagonize inflammation and promote epithelial
regeneration, consequently restoring barrier function.8

Endoplasmic reticulum (ER) stress also plays an
important role in IBD.9 ER stress refers to the cellular
condition characterized by accumulation of unfolded and
misfolded proteins in the ER lumen. Excessive ER stress
promotes inflammation and increases reactive oxygen spe-
cies (ROS) production.10 Accumulation of misfolded pro-
teins may also lead to formation of aggresome.11 ER stress
can be restored by unfolded protein response, which en-
compasses 3 signaling branches, protein kinase RNA-like
endoplasmic reticulum kinase–Activating transcription fac-
tor (ATF)4, ATF6, and Inositol-requiring enzyme 1–X-box-
binding protein 1 (XBP1), under the regulation of glucose-
regulated protein 78 (GRP78).9

Transmembrane 9 Superfamily isoform 4 (TM9SF4)
proteins belong to the TM9SF family. TM9SF4 plays
important roles in diverse cellular processes. Functionally,
TM9SF4 homologs are involved in cell adhesion, phagocy-
tosis, and innate immunity.12–16 TM9SF4 also can act on
vacuolar Hþ-adenosine triphosphatase to regulate cytosolic
pH,17 and regulate cell surface trafficking of glycine-rich
transmembrane domains.18,19 We recently showed an
important role of TM9SF4 in maintaining ER homeostasis.
Short hairpin RNA (shRNA)-mediated TM9SF4 knockdown
increased ER stress, probably via depleting ER Ca2þ stores,
and increased the levels of ROS, consequently promoting
cell death in chemoresistant breast cancer cells.20,21 In the
present study, search of a genome-wide association study
database identified a remarkable correlation between a
single-nucleotide polymorphism (rs6142618) in the non-
coding region of TM9SF4 and IBD, with a P value of 6 � 10-10

(genome-wide association study catalog European Molec-
ular Biology Laboratory’s European Bioinformatics
Institute, EMBL-EBI).22,23 Based on the known association
among TM9SF4, ER stress, and inflammation, we hypoth-
esize that TM9SF4 may regulate ER stress and colonic
inflammation to affect IBD. The role of TM9SF4 was mainly
explored in a DSS-induced mouse model of IBD together
with some supporting experiments from a TNBS-induced
mouse model of IBD and pathologic samples from UC pa-
tients. Our results showed that TM9SF4 deficiency acts
through multiple processes in colonic epithelial cells and
macrophages to aggravate IBD.
Results
Genetic Knockout of TM9SF4 Aggravated DSS-
Induced IBD

A DSS-induced mouse model of IBD was used.3,24 Wild-
type and TM9SF4 knockout (KO) mice were fed with 2%
DSS in drinking water for 7 days to induce colitis or with
water as control. TM9SF4 was found to be expressed in the
intestinal crypts (Figure 1A) and F4/80þ colonic macro-
phages, but not in Gr-1þ colonic neutrophils (Figure 1B).
DSS treatment caused body weight loss, colon length
decrease, diarrhea, and anal bleeding, all of which were
more severe in KO mice than in wild-type (WT) mice
(Figure 1C–G). In control mice fed with water for 7 days,
there were no differences in body weight and colon length
between WT and KO groups (Figure 1C–E). Quantitative
reverse-transcription polymerase chain reaction (qRT-PCR)
analysis of colon tissues showed higher messenger RNA
(mRNA) expression of proinflammatory cytokines TNFa,
IL1b, and IL6 in KO mice than in WT mice (Figure 1H).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1. Knockout of TM9SF4 gene aggravated DSS-induced colitis in mice. (A) Representative TM9SF4 immunohis-
tochemistry staining of colons from nontreated WT/KO mice showing distribution of TM9SF4. Brown, immunopositive signals;
blue, nuclear counterstain. Red arrowheads indicate intestinal epithelial crypts, black arrows indicate infiltrating nonepithelial
cells. Scale bar: 100 mm. (B) Colons from WT mice were stained with TM9SF4 antibody, macrophage marker F4/80 antibody,
or neutrophil marker Gr-1 antibody. Expressions of TM9SF4 in infiltrating mononuclear cells are indicated as colocalization of
TM9SF4 and specific cell markers. Scale bar: 50 mm. (C) Time courses of body weight loss in WT and KO mice treated with 2%
DSS or water. Representative (D) images and (E) data summary of colon lengths in WT and KO mice. Time courses of (F)
diarrhea and (G) fecal bleeding of WT and KO mice. (H) mRNA levels of TNFa, IL1b, and IL6 in colon tissues as assessed by
qRT-PCR. (I) DSS-treated mice were gavaged with FITC–dextran (molecular weight, 40,000), followed by measurement of
serum fluorescence intensity 4 hours later. Representative (J) images and (K) histopathologic scores of H&E-stained colon
tissue sections from DSS-induced WT and KO mice. Scale bar: 200 mm. Means ± SEM. n ¼ 6–8 mice per group in all ex-
periments. *P < .05, **P < .01, and ***P < .001.
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To determine the role of TM9SF4 in intestinal integrity,
fluorescein isothiocyanate (FITC)–dextran (molecular
weight, 40,000 kilodaltons) were orally gavaged to DSS-
treated mice. The serum level of FITC–dextran was found
to be higher in KO mice than in WT mice, suggesting a more
severely damaged intestinal epithelial barrier in KO mice
(Figure 1I). Furthermore, histologic analysis of colon tissue
slides indicated higher histopathologic scores in KO mice,
which were scored based on depletion of goblet cells, epithelial
erosion, and infiltration of proinflammatory cells into mucosa
(Figure 1J and K). Together, these data suggested that genetic
loss of TM9SF4 aggravated DSS-induced colitis in mice.
Knockout of TM9SF4 in Hematopoietic and
Nonhematopoietic Cells Both Had a Detrimental
Effect in DSS-Induced IBD In Vivo

To distinguish between the contribution of bone
marrow–derived hematopoietic cells (later differentiated to
monocytes, neutrophils, and so forth) and nonhematopoietic
cells (including intestinal epithelial cells, endothelial cells, and so
forth), we performed bone marrow transplantation experiments
in the DSS model. Herein, bone marrow cells collected from WT
or TM9SF4 KO mice were transferred to irradiated WT or KO
recipient mice, yielding 4 experimental groups of chimeric mice,
followed by DSS treatment at week 6 post-transplantation
(Figure 2A). The results showed that compared with WT bone
marrow cells, transplantation of KO bone marrow cells to WT
mice (KO / WT vs WT / WT) caused more severe colitis
symptoms, including colon shortening (Figure 2B and C), body
weight loss (Figure 2D), diarrhea (Figure 2E), anal bleeding
(Figure 2F), higher histopathologic scores (Figure 2G and H) and
increased colonic levels of proinflammatory cytokines
(Figure 2I). Furthermore, compared with KO bone marrow cells,
transplantation of WT bone marrow cells to KO mice (WT /
KO vs KO / KO) relieved the colitis symptoms (Figure 2B–I).
We also examined colonic infiltration of bone marrow–derived
(PKH67-labeled) circulating cells. KO of TM9SF4 in bone
marrow cells promoted the infiltration of circulating cells into
colonic lamina propria as indicated by fluorescence-activated
cell sorter (FACS) analysis of PKH67þ cell infiltration to lam-
ina propria (Figure 2J) and immunostaining of macrophage
marker CD68 in colon tissues (Figure 2K). These data support
the critical role of hematopoietic cell TM9SF4 in colitis.

On the other hand, TM9SF4 in nonhematopoietic cells also
was important in colitis development, because when compared
with WT recipient mice that received WT bone marrow cells,
KO recipient counterparts developed more severe colitis
symptoms (WT / KO vs WT / WT) (Figure 2B–I).
Knockdown of TM9SF4 Promoted Inflammation,
Increased ER Stress, and Increased Cell Death in
Colonic Epithelial Cells In Vitro

We examined the effect of shRNA-mediated TM9SF4
knockdown or overexpression on inflammatory response of
colonic epithelial cells. LPS and PGN were used to trigger
inflammation and release of proinflammatory cytokines in
human colonic epithelial cells (HCECs)25 and HT-29 cells.
Because the expression level of TM9SF4 was relatively high in
HCECs but low in HT-29 cells (Figure 3A), we chose HCECs as
the cell model for TM9SF4 knockdown although we used HT-
29 as the cell model for TM9SF4 overexpression.

TM9SF4 knockdown in HCECs increased the LPS- and
PGN-induced production of inflammatory cytokines, as
indicated by mRNA levels of TNFa, IL1b, and IL6 (Figure 3B
and C). TM9SF4 knockdown also increased the LPS-induced
ER stress increase in HCECs, as indicated by ER stress
markers GRP78, ATF4, cleaved ATF6, spliced XBP1, C/EBP
homologous protein (CHOP), and cyclooxygenase 2 (COX2)
(Figure 3D). Furthermore, TM9SF4 knockdown also
increased ROS accumulation, as indicated by Dihydroethi-
dium (DHE) staining (Figure 3E), and promoted apoptotic
cell death, as indicated by Annexin Vþ apoptotic cells
(Figure 3F) and cleaved caspase 3 levels (Figure 3D). The
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis showed differential expression of
several pathways related to TM9SF4 knockdown in HCECs
in basal conditions (Figure 3G), as well as in LPS-stimulated
conditions (Figure 3H). In basal conditions, knockdown of
TM9SF4 altered the TNF signaling pathway (Figure 3G),
suggesting that inflammation is an early process after
TM9SF4 knockout. In the LPS-stimulated inflammatory
condition, knockdown of TM9SF4 altered Ca2þ

signaling–related pathways such as the phosphatidylinositol
signaling system and Transient Receptor Potential (TRP)
channels (Figure 3H), suggesting an involvement of Ca2þ

signaling in the process.
4-phenylbutyric acid (4-PBA) is a small-molecule chap-

erone that can improve ER folding capacity and alleviate ER
stress.26 4-PBA treatment reversed the TM9SF4 knockdown-
induced production of inflammatory cytokines IL1b and IL6
(Figure 4A), reduced apoptotic cell death as indicated by
cleaved caspase 3 level (Figure 4B), and diminished the
TM9SF4 knockdown-induced ROS production (Figure 4C).

On the other hand, overexpression of exogenous TM9SF4
in HT-29 cells was found to reduce the LPS- and PGN-
induced production of inflammatory cytokines (Figure 5A
and B), and decreased the LPS-induced ER stress level in
HT-29 cells (Figure 5C). TM9SF4 overexpression also
decreased ROS accumulation (Figure 5D) and reduced
apoptotic cell death (Figure 5E).
Knockout of TM9SF4 Increased ER Stress and
Increased Apoptosis in a DSS-Induced Colitis
Model In Vivo

The role of TM9SF4 in ER stress and cell death was
examined in vivo. Compared with WT mice, TM9SF4 KO mice
showed a higher ER stress level in colon tissues as indicated
by immunostaining of GRP78 and CHOP (Figure 6A),
increased ROS production by DHE staining (Figure 6B), more
apoptotic cells as indicated by terminal deoxynucleotidyl
transferase–mediated deoxyuridine triphosphate nick-end la-
beling staining (Figure 6B), and immunostaining of cleaved
caspase 3 (Figure 6A). Claudin-1 expression in the colonic
epithelial layer also was reduced in TM9SF4 KO mice, an
indication for impaired epithelial barriers (Figure 6B).



Figure 2. DSS-induced colitis in bone marrow–chimeric mice. (A) Schematic diagram of study design. Bone marrow
cells of recipient WT/KO mice were depleted by radiation. Bone marrow cells from donor KO/WT mice were purified,
stained, and injected into recipient WT/KO mice. Colitis was induced at 6 weeks post-transplantation. Representative (B)
colon images, (C) colon length decrease, (D) body weight loss curve, (E) stool scores, (F) anal bleeding scores, and (G and
H) H&E staining–based histopathologic examination in 2% DSS-treated bone marrow–chimeric mice. Scale bar: 100 mm. (I)
mRNA levels of TNFa, IL1b, and IL6 in colon tissues as assessed by qRT-PCR. (J) Colon tissues in bone marrow–chimeras
were digested for FACS analysis. Percentages of PKH67þCD45þ cells were determined by FACS analysis. (K) Repre-
sentative images of CD68þ macrophages in colon sections. Brown, CD68þ signal; blue, nuclear counterstain. Scale bar:
100 mm. Means ± SEM. n ¼ 6–8 mice per group in all experiments. *P < .05, **P < .01, and ***P < .001. BM cells, bone
marrow cells.
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Interestingly, 4-PBA treatment alleviated the DSS-induced
colitis disease symptoms in both WT and TM9SF4 KO mice,
including body weight loss, colon length decrease, diarrhea,
and anal bleeding (Figure 6C–G). 4-PBA treatment also
reduced the DSS-elicited histopathologic scores in KO colon
tissue slides (Figure 6H), suppressed the DSS-elicited ER
stress increases as indicated by immunostaining of GRP78
and CHOP, and restored Claudin-1 expression (Figure 6H).
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TM9SF4 Regulated Colonic Infiltration of
Macrophages and Phagocytosis

The role of TM9SF4 in macrophage infiltration and
phagocytosis was examined. In the DSS-induced colitis model,
w
e
b
4
C
/F
P
O

immunostaining detected more infiltrated CD68þ macro-
phages in colonic tissue sections of TM9SF4 KO mice
than those in WT mice (Figure 7A). FACS analysis indicated
a higher percentage of colonic infiltration of



Figure 4. 4-PBA alleviated ER stress in vitro. 4-APB reversed the effect of TM9SF4 knockdown on (A) IL1b and IL6 pro-
duction, (B) GRP78 increase, (B) caspase 3 activity increase, and (C) ROS production in HCECs (n ¼ 3). Scale bar: 100 mm.
Means ± SEM. *P < .05, **P < .01, and ***P < .001. SCR, scrambled control.
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CD45þCD11bþF4/80þ macrophages and a slightly reduced
infiltration of CD4þ T cells in KOmice than inWTmice, but no
difference in CD11CþMHCIIþ dendritic cells, CD11bþGr-1þ

neutrophils, and CD8þ T cells between KO and WT mice
(Figure 7B). These data indicated that TM9SF4 deficiency
enhanced colonic infiltration of macrophages in colitis.

RNA sequencing then was used to compare the global
gene expression between WT and KO colonic macrophages.
The results showed that, compared with WT counterparts,
KO colonic macrophages showed high levels of proin-
flammatory genes, including CCR7, IL12b, CCL5, IL1b, and
TNF (Figure 7C), but low levels of anti-inflammatory genes,
such as CCL20, Vsig4, and IL17f. The KEGG pathway
enrichment analysis showed differential expression of
several pathways related to TM9SF4 knockdown in macro-
phages in basal condition (Figure 7D) and DSS-induced in-
flammatory condition (Figure 7E). In basal conditions,
knockdown of TM9SF4 altered several inflammatory path-
ways including TNF- and IL17-signaling pathways, sug-
gesting that inflammation is an early event after TM9SF4 KO
(Figure 7D). In DSS-induced inflammatory conditions,
TM9SF4 knockdown altered the expression of several
pathways related to macrophage function, such as
Figure 3. (See previous page). Knockdown of TM9SF4 promo
deaths in colon epithelial cells. (A) Expression levels of TM9
Western blot (n ¼ 3). HCECs with Scr-shRNA or TM9SF4-shRN
PGN for 24 hours. The mRNA levels of TNFa, IL1b, and IL6 were
TM9SF4-shRNAs were challenged with LPS. The levels of TM
COX2, and cleaved caspase 3 were detected by Western blot.
HCECs by DHE fluorescence. Representative from 4 experimen
data summary (right) of Annexin V and PI staining in LPS-cha
pathways after TM9SF4 knockdown in (G) basal condition (veh
were transfected with scrambled-shRNA (SCR) or TM9SF4-shR
SEM. *P < .05, **P < .01, and ***P < .001. ECM, extracellular m
GnRH, gonadotropin releasing hormone; KD, knockdown clone
forming growth factor; TRP, trasient receptor potential.
cytokine–cytokine–receptor interaction, the nucleotide-bind-
ing and oligomerization domain (NOD)-like receptor signaling
pathway, and phagosomes (Figure 7E). Phagocytotic ability
was analyzed in vitro using carboxyfluorescein succinimidyl
ester (CFSE)-labeled apoptotic Jurkat cells (Figure 7F–G). The
results showed that KO of TM9SF4 markedly decreased the
phagocytotic ability of primary mouse peritoneal macro-
phages, as indicated by CFSEþF4/80þ populations in FACS
analysis (Figure 7F) and by CFSE fluorescence visualization
under confocal microscopy (Figure 7G). Furthermore, the
expression of several phagocytic genes, includingMfge8, CD36,
and Gas6, was lower in KO macrophages than in WT macro-
phages (Figure 7H). In contrast, exogenous overexpression of
TM9SF4 in Raw264.7 macrophages promoted the phagocy-
totic ability of the macrophages as measured by CFSE-labeled
apoptotic Jurkat cells (Figure 7I).
Knockout/Knockdown of TM9SF4 Increased
Macrophage and Promoted M1 Macrophage
Polarization, but Inhibited M2 Macrophage

The role of TM9SF4 in macrophage polarization was
investigated. qRT-PCR analysis showed that in CD11bþ
ted inflammation, increased ER stress, and increased cell
SF4 in HCECs, Caco-2, and HT-29 cells were compared by
As were challenged with (B) 100 ng/mL LPS or (C) 1 mg/mL
assessed by qRT-PCR (n ¼ 3). (D) HCECs with Scr-shRNA or
9SF4, GRP78, ATF4, cleaved ATF6, spliced XBP1, CHOP,
Representative from 3 experiments. (E) ROS measurement in
ts. Scale bar: 100 mm. (F) Representative FACS analysis and
llenged HCECs (n ¼ 4). KEGG analysis of altered signaling
icle) and (H) inflammatory condition (LPS) in HCECs. HCECs
NA 1 (KD) for RNA sequencing analysis. Shown are means ±
atrix; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
; PI, propidium iodide; SCR, scrambled control; TGF, trans-



Figure 5. Overexpression of TM9SF4 decreased inflammation, alleviated ER stress, and reduced cell deaths in colon
epithelial cells. HT-29 cells were overexpressed with TM9SF4 or control plasmid, then challenged with (A) 100 ng/mL LPS or (B)
1 mg/mL PGN for 24 hours. The mRNA levels of TNFa, IL1b, and IL6 were assessed by qRT-PCR (n ¼ 3). (C) HT-29 cells were
overexpressed with TM9SF4 or control plasmid, then challenged with LPS. TM9SF4, GRP78, ATF4, cleaved ATF6, spliced XBP1,
CHOP, COX2, and cleaved caspase-3 were detected by Western blot. Representative from 3 experiments. (D) Representative
images of ROS measurement in LPS-treated HT-29 cells by DHE staining (n ¼ 6). Scale bar: 100 mm. (E) Representative FACS
analysis (left) and data summary (right) of Annexin V and PI staining in HT-29 cells (n ¼ 5). Means ± SEM. *P < .05, **P < .01, and
***P < .001. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; pcDNA, plasmid cloning DNA; PI, propidium iodide.
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myeloid cells isolated from the colons of DSS-treated mice,
knockout of TM9SF4 increased M1 macrophages, as indi-
cated by M1 macrophage markers IL23p19, IL6, and
inducible nitric oxide synthase (iNOS) (Figure 8A), but
reduced M2 macrophages, as indicated by M2 macrophage
markers Mrc1, Ym1, and Arg1 (Figure 8B). Immunostaining
confirmed that TM9SF4 KO increased the CD80þ M1 mac-
rophages (Figure 8C), but decreased CD206þ M2 macro-
phages in colon tissue sections (Figure 8D).
Next, bone marrow–derived macrophages (BMDMs) and
Raw264.7 macrophages were treated with LPS and inter-
feron g (IFNg) to stimulate M1 macrophage polarization, or
treated with IL4 and IL13 to induce M2 macrophage po-
larization. Because the expression level of TM9SF4 was
relatively high in BMDMs but low in Raw264.7 (Figure 8E),
we chose BMDMs as the cell model for TM9SF4 gene KO
while using Raw264.7 as the cell model for TM9SF4
overexpression.



Figure 6. Knockout of TM9SF4 gene increased ER stress and increased apoptotic cell death in DSS-induced colitis in
mice. (A) Representative immunohistochemical staining of GRP78, CHOP, and cleaved caspase 3 in colon tissues of WT and
KO mice after 2% DSS treatment. Scale bars: 100 mm. Brown, immunopositive signals; blue, nuclear counterstain. (B)
Representative staining of ROS (DHE staining, red), terminal deoxynucleotidyl transferase–mediated deoxyuridine triphos-
phate nick-end labeling (TUNEL)-positive apoptotic cells (green), and claudin-1 (green) in colon tissues of WT and KO mice
after 2% DSS treatment. Scale bars: 100 mm. 4-PBA reversed the TM9SF4 knockout-induced IBD disease aggravation in (C
and D) colon lengths, (E) body weight, (F) diarrhea, and (G) anal bleeding (n ¼ 7). (H) 4-PBA reversed the TM9SF4 knockout-
induced colon tissue abnormality in H&E staining–based histopathologic examination, immunostaining-based expressional
change of GRP78, CHOP, and claudin-1. Brown, immunopositive signals; blue, nuclear counterstain. Scale bar: 200 mm.
Means ± SEM. n ¼ 5–7 mice per group in all experiments. *P < .05, **P < .01, and ***P < .001. DAB, 3,30-Diaminobenzidine.
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In BMDM experiments, KO of TM9SF4 increased the
LPS/IFNg-induced M1 polarization, as indicated by qRT-
PCR analysis of M1 markers IL23p19, IL6, IL12a, and
iNOS (Figure 8F), but decreased the IL4/IL13-induced M2
polarization of BMDMs, as indicated by M2 markers MRC1,
Ym1, IL10, and Arg-1 (Figure 8G). In agreement with the
qRT-PCR results, FACS analysis also indicated that TM9SF4
KO increased CD11cþ M1 macrophages (Figure 8H), but
decreased CD206þ M2 macrophages (Figure 8I).

TM9SF4 knockdown also was found to enhance the
LPS/IFNg-induced ER stress increase in BMDMs, as
indicated by ER stress markers GRP78, ATF4, cleaved
ATF6, spliced XBP1, CHOP, and COX2, and proin-
flammatory markers IL1b and iNOS (Figure 8J). Further-
more, TM9SF4 knockdown increased aggresome
formation, an indication for accumulation of misfolded
proteins (Figure 8K).

On the other hand, overexpression of exogenous TM9SF4
in Raw264.7 cells was found to decrease the LPS/IFNg-
induced M1 polarization (Figure 9A), but increase the IL4/
IL13-induced M2 polarization (Figure 9B).

KO/Knockdown of TM9SF4 Reduced ER Ca2þ

Content
We explored whether TM9SF4 can modulate ER Ca2þ

content in colonic epithelial cells and macrophages as a
means of regulating ER stress, as we reported previously in
other cell types.20 HCECs, HT-29 cells, or BMDMs were
bathed in Ca2þ-free saline and stimulated with adenosine
triphosphate (ATP) or ionomycin to induce Ca2þ release
from ER Ca2þ stores. Indeed, TM9SF4 knockdown/KO
reduced the magnitude of cytosolic Ca2þ response to ATP
and ionomycin in HCECs (Figure 10A and B) and BMDMs
(Figure 10E and F), indicating that TM9SF4 knockdown
reduced the ER Ca2þ content in these cells. Conversely,
overexpression of TM9SF4 increased the ER Ca2þ content in
response to ATP or ionomycin stimulation in HT-29 cells
(Figure 10C and D).

KO/Knockdown of TM9SF4 Caused Cytosolic
Acidification and Decreased Cell Surface
Targeting of Two Phagocytosis-Related Proteins

We examined whether TM9SF4 can modulate cytosolic
pH in colonic epithelial cells and macrophages. Cytosolic pH
was measured with pHrodo Red Indicator (Invitrogen,
Waltham, MA) by flow cytometry. The results showed that
TM9SF4 knockdown/KO induced cytoplasmic acidification
in HCECs (Figure 11A) and BMDMs (Figure 11B), as indi-
cated by increased pHrodo intensity.

TM9SF4 is reported to regulate cell surface trafficking of
glycine-rich transmembrane domains.18,19 Therefore, we
also determined the effect of TM9SF4 knockdown on cell
surface expression of 2 glycine-rich proteins, CD36 and Mer
tyrosine kinase (MerTK), in BMDMs. CD36 contains 5
glycine residues in 1 transmembrane domain and 3 glycine
residues in another transmembrane domain, whereas
MerTK contains 3 glycine residues in 1 transmembrane
domain. CD36 and MerTK both participate in phagocytosis
in macrophages.27,28 KO of TM9SF4 reduced the total
cellular expression level of CD36 and MerTK, as well as their
cell surface expression (Figure 11C). Interestingly, a
reduction in cell surface expression of CD36 and MerTK was
more than the reduction in total cellular expression
(Figure 11C), suggesting that TM9SF4 knockdown decreases
the cell surface targeting of these 2 proteins.

TM9SF4 Knockdown Disrupted Intestinal
Epithelial Barrier

We explored whether TM9SF4 in epithelial cells could
regulate intestinal epithelial barrier function. Caco-2 and
HT-29 epithelial cell monolayers were established, followed
by measurement of transepithelial electrical resistance.
Because TM9SF4 expression was relatively high in Caco-2
but low in HT-29 cells (Figure 3A), Caco-2 was used as
the cell model for shRNA-mediated TM9SF4 knockdown
while HT-29 was used as the cell model for TM9SF4 over-
expression. The results showed that TM9SF4 knockdown in
Caco-2 cells decreased the transepithelial resistance of
monolayer (Figure 12A) and reduced the expression of tight
junction proteins Claudin-1 and zonula occludens-1 (ZO-1)
at both mRNA (Figure 12B) and protein levels (Figure 12C).
In contrast, overexpression of TM9SF4 in HT-29 cells
increased the transepithelial resistance of epithelial mono-
layer (Figure 12D) and increased the expression of tight
junction proteins Claudin-1 and ZO-1 at mRNA (Figure 12E)
and protein levels (Figure 12F).

We next examined whether TM9SF4 in macrophages also
could regulate epithelial barrier function. Herein, we estab-
lished a macrophage–epithelial cell co-culture system using
Caco-2 epithelial cells and LPS/IL1b/IFNg-treated phorbol
12-myristate 13-acetate–primed THP-1 macrophages
(Figure 12G). Co-culture with THP-1 cells decreased the
transepithelial resistance of Caco-2 monolayer (Figure 12H),
which was aggravated by TM9SF4 knockdown in THP-1 cells
(Figure 12H). Co-culture with THP-1 cells also decreased the
expression of tight junction proteins Claudin-1 and ZO-1 in
Caco-2 cells (Figure 12I and J), which was exacerbated by
TM9SF4 knockdown in THP-1 cells (Figure 12I and J). These
data suggest that TM9SF4 expressed in macrophages could
regulate epithelial barrier function in vitro.

To confirm whether macrophages could regulate
epithelial barriers in vivo, we used bone marrow trans-
plantation experiments. After induction of colitis, trans-
plantation of KO bone marrow cells to WT mice damaged
the intestinal permeability (KO / WT vs WT / WT), as
indicated by serum FITC–dextran assay (Figure 12K) and
Claudin-1 immunostaining (Figure 12L). In contrast, trans-
plantation of WT bone marrow cells to KO mice (WT / KO
vs KO / KO) showed a redemptive effect by decreasing
intestinal permeability (Figure 12K and L).

TM9SF4 Knockdown Impaired the Migration and
Proliferation of Colonic Epithelial Cells

Migration and proliferation of colonic epithelial cells are
correlated positively with epithelial layer regeneration.29

Thus, we also examined the role of TM9SF4 in migration



Figure 7. TM9SF4 regulated colonic infiltration of macrophages and phagocytosis. (A) Immunohistochemical staining (left)
and summary (right) of CD68þ cells in colons of WT and KO mice after 2% DSS treatment (n ¼ 6). Brown, CD68þ-positive
signals; blue, nuclear counterstain. Scale bar: 100 mm. (B) Representative FACS analysis showing percentages of F4/
80þCD11bþ macrophages, CD11cþMHCIIþ dendritic cells, CD11bþGR-1þ neutrophils, CD4þ T cells, and CD8þ T cells in total
CD45þ cells from colons of WT and KO mice after 2% DSS treatment (n ¼ 6). (C) RNA sequencing analysis of colonic F4/
80þCD11bþ macrophages from DSS-treated WT and KO mice. KEGG analysis of altered signaling pathways after TM9SF4
knockdown in colonic F4/80þCD11bþ macrophages from (D) water-treated and (E) DSS-treated mice. Mouse peritoneal
macrophages were treated with CFSE-labeled apoptotic cells. Percentage of F4/80þ macrophages with green CFSE fluo-
rescence was assessed by (F) FACS (n ¼ 8) and (G) confocal microscopy analysis (n ¼ 6). Scale bar: 100 mm. (H) The mRNA
levels of Mfge8, Cd36, and Gas6 of WT/KO peritoneal macrophages were assessed by qRT-PCR (n ¼ 6). (I) Raw264.7 cells
were transfected with TM9SF4 plasmid or control plasmid pcDNA6, followed by incubation with CFSE-labeled apoptotic
Jukart cells. The percentage of phagocytosis was determined by CFSEþ cells in FACS analysis (n ¼ 8). Means ± SEM. *P <
.05, **P < .01, and ***P < .001. BF, bright field; ECM, extracellular matrix; MAPK, mitogen-activated protein kinase; NF-kappa
B, nuclear factor-kappa B; pcDNA, plasmid cloning DNA; PI3K-Akt, phosphatidylinositol 3-kinase-protein kinase B; RIG-I,
retinoic acid-inducible gene I.
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Figure 8. KO of TM9SF4 promoted M1 macrophage polarization but inhibited M2 macrophage polarization. (A and B)
Colonic CD11bþ cells from 2% DSS-challenged WT or KO mice were purified by magnetic-activated cell sorting. The mRNA
levels of (A) M1 macrophages markers IL23p19, IL6, iNOS, and (B) M2 macrophages markers MRC1, Ym1, Arg1 were
assessed by qRT-PCR (n ¼ 4). Representative images and data summary for immunohistochemical staining of (C) CD80 and
(D) CD206 in the colon tissues of DSS-treated WT/KO mice (n ¼ 7). Brown, CD80/CD206-positive signals; blue, nuclear
counterstain. Scale bars: 100 mm. (E) Expression levels of TM9SF4 in BMDMs and Raw264.7 macrophages were compared by
Western blot (n ¼ 3). BMDMs were treated with LPS/IFNg or vehicle, followed by (F) qRT-PCR–based mRNA level analysis of
IL23p19, IL6, IL12a, and iNOS (n ¼ 4–6) or by (H) FACS analysis of CD11cþ M1 BMDMs (n ¼ 4). (G and I) BMDMs were treated
with IL4/IL13 or vehicle, followed by (G) qRT-PCR–based mRNA level analysis of Mrc1, Ym1, Il10, and Arg1 (n ¼ 4–6) or by (I)
FACS analysis of CD206þ M2 BMDMs (n ¼ 4). (J) BMDMs were challenged with LPS/IFNg. The levels of GRP78, ATF4,
cleaved ATF6, spliced XBP1, CHOP, IL1b, and iNOS were detected by Western blot (n ¼ 3). (K) Enhanced aggresome for-
mation in BMDMs from KO mice by flow cytometry analysis (n ¼ 5). Means ± SEM. *P < .05, **P < .01, and ***P < .001.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MFI, mean fluorescent intensity.
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Figure 9. Overexpression of TM9SF4 decreased M1 macrophage polarization but increased M2 macrophage polari-
zation. (A) Raw264.7 cells overexpressing TM9SF4 or control plasmids were treated with LPS/IFNg to induce M1 polarization.
The mRNA levels of IL23p19, IL6, TNFa, and iNOS were assessed by qRT-PCR (n ¼ 4–6). (B) Raw264.7 cells overexpressing
TM9SF4 or control plasmids were treated with IL4/IL13 to induce M2 polarization. The mRNA levels of MRC1, Ym1, IL10, and
Arg1 were determined by qRT-PCR (n ¼ 3–6). Means ± SEM. **P < .01, ***P < .001. pcDNA, plasmid cloning DNA.
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and proliferation of colonic epithelial cells. TM9SF4 knock-
down in HCECs reduced epithelial cell migration
(Figure 12M) and proliferation (Figure 12N). In addition,
HCECs were incubated with conditional media derived from
THP-1 cells with or without TM9SF4 knockdown. The re-
sults showed that the conditional media from THP-1 cells
could rescue the epithelial cell migration (Figure 12M) and
proliferation (Figure 12N). However, the conditional media
from TM9SF4 gene silenced THP-1 cells only had a limited
rescue effect (Figure 12M and N).
Genetic KO of TM9SF4 Aggravated TNBS-
Induced IBD

A TNBS-induced model of IBD also was used to verify the
role of TM9SF4 in IBD. TNBS treatment caused body weight
loss, colon length decrease, and diarrhea, all of which were
more severe in KO mice than in WT mice (Figure 13A–D). In
control mice fed with vehicle for 4 days, there were no
differences in colon length and body weight between WT
and KO groups (Figure 13A–C). qRT-PCR analysis of colon
tissues showed higher mRNA expression of proin-
flammatory cytokines TNFa, IL1b, and IL6 in KO mice than
in WT mice (Figure 13E). Histologic analysis of colon tissue
slides indicated higher histopathologic scores in KO mice
(Figure 13F). TM9SF4 KO mice also showed a higher ER
stress level in colon tissues as indicated by immunostaining
of GRP78 and CHOP (Figure 13G), more cell death as indi-
cated by immunostaining of cleaved caspase 3 (Figure 13G),
and more macrophage infiltration in colon tissue
(Figure 13G). Together, these data suggested that genetic
loss of TM9SF4 aggravated TNBS-induced colitis in mice.
TM9SF4 Expression Was Down-Regulated in
Colonic Samples From Patients With UC and
Mice With DSS-Induced Colitis

To explore the clinical significance of TM9SF4 in intes-
tinal inflammation, we recruited 25 patients who were
diagnosed with UC. The disease severity of UC was assessed
with the Mayo score (range, 0 to 3). Among 25 patients, 15
patients showed inflammation in the colon. Interestingly,
Western blot (Figure 14A) and tissue section immuno-
staining (Figure 14B and C) showed abundant expression of
TM9SF4 proteins in normal colon tissues. However, the
expression of TM9SF4 decreased markedly in the inflamed
colonic regions of UC patients (Figure 14A–C). Comparison
also was made in inflamed regions of colon between pa-
tients with low Mayo scores (Mayo score, 0–1) and high
Mayo scores (Mayo score, 2–3). The results showed that the
high Mayo score group expressed relative lower TM9SF4
than the low Mayo score group (Figure 14D and E).

Furthermore, we found that ER stress level in inflamed
colonic regions of UC patients was high as indicated by
immunostaining of GRP78 and CHOP (Figure 14F and G),
but was extremely low in noninflamed colonic regions
(Figure 14F and G).

The expression of TM9SF4 in colonic tissues of DSS-
induced IBD mice also was determined. The results
showed that TM9SF4 expression was lower in colonic tissue
of DSS-induced colitic mice than those of normal mice
(Figure 14H and I).

We also determined whether inflammation could regu-
late the expression of TM9SF4 proteins. Under LPS/IFNg-
induced inflammation, TM9SF4 expression was reduced in
colonic epithelial cells (HCECs) and macrophages (BMDMs)
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(Figure 15A and B). In contrast, under IL4/IL13-induced
anti-inflammatory conditions, TM9SF4 expression was
increased in macrophages Raw264.7 (Figure 15C).
Discussion
Advances in colitis genetics have identified several IBD-

associated genes, including CARD15, SLC22A4, SLC22A5, and
MDR1.3,30 These genes play functional roles in immuno-
regulation, maintenance of mucosal barrier integrity, and
microbial clearance.30 In the present study, search of a
GWAS database found 1 single-nucleotide polymorphism
(rs6142618) of TM9SF4 that is highly associated with IBD
with a P value of 6 � 1010 (https://www.ebi.ac.uk/gwas/
variants/rs6142618).22,23 This prompted us to explore the
role of TM9SF4 in colitis. In a DSS-induced mouse model of
IBD, we found that KO of TM9SF4 aggravated the disease
symptoms of colitis, including severely disrupted crypts in
colon tissue sections, aggravated body weight reduction,
shortened colon length, worsen anal bleeding score, and
leakier intestinal epithelial barrier. Similar results were
obtained in a TNBS-induced model of IBD. As such, we
provided the experimental evidence for TM9SF4 as a novel
IBD-associated gene, the deficiency of which contributes to
colitis pathogenesis. Bone marrow reconstitution experi-
ments further confirmed that TM9SF4 deficiency in both
bone marrow–derived hematopoietic cells and non-
hematopoietic cells (intestinal epithelial cells, endothelial
cells, and so forth) contribute to disease progression.

Deficiency of TM9SF4 in IECs may promote colitis
progression. In colitis, IECs release proinflammatory cy-
tokines to promote inflammation.31 In the present study,
TM9SF4 knockdown was found to enhance the LPS- or
PGN-induced inflammation in colonic epithelial cells HT-
29 and HCECs. Interestingly, previous studies have
shown an association between ER stress/unfolded protein
response and inflammation in IECs.32 We have reported
that TM9SF4 knockdown may increase ER stress in other
cell types.20 Therefore, we next asked the question of
whether TM9SF4 may act through ER stress to regulate
inflammation in IECs. Indeed, TM9SF4 knockdown boos-
ted ER stress and increased ROS level in colonic cells,
whereas overexpression of TM9SF4 had the opposite ef-
fect (Figure 3). Importantly, in the presence of 4-PBA,
which is a chemical chaperone that can improve ER
folding capacity and alleviate ER stress,26 TM9SF4
knockdown could no longer promote inflammation and
only barely increase ROS. These data strongly support
that TM9SF4 acts through ER stress and ROS production
to regulate inflammation in colonic epithelial cells.
Figure 10. (See previous page). Knockdown of TM9SF4 deple
HCECs with Scr-shRNA or TM9SF4-shRNAs were bathed in C
data summary of cytosolic calcium change in response to (A)
cytosolic calcium concentration was monitored with the Fluo-4
TM9SF4 or pcDNA plasmids as control. Shown are time courses
to (C) 10 mmol ATP or (D) 5 mmol ionomycin (n ¼ 4). (E and F) B
Ca2þ-free physiological saline. Shown are time courses and a da
mmol ATP or (F) 5 mmol ionomycin (n ¼ 4). Means ± SEM. *P <
control.
Deficiency of TM9SF4 in macrophages also may
contribute to colitis. An important function of macrophages
is to phagocytose invading pathogens and apoptotic cells
(efferocytosis).33,34 Previous studies have reported that
TM9SF4 is critical for phagocytosis in Drosophila hemocytes
and mammalian cancer cells.13,14,16 In agreement, we also
found that TM9SF4 knockdown markedly reduced the
phagocytosis of peritoneal macrophages, supporting the
critical importance of TM9SF4 in macrophage phagocytosis.

The role of TM9SF4 in macrophages may not be limited to
phagocytosis. At the early stage of tissue injury or colonic
infection, monocytes are mostly differentiated to proin-
flammatory M1 macrophages to neutralize invading patho-
gens, whereas at the late stage, M2macrophages dominate to
resolve inflammation and initiate repair.35 It is well docu-
mented that defects in macrophage polarization to M1 or M2
types may contribute to colitis pathogenesis.35,36 We thus
explored whether TM9SF4 could affect macrophage polari-
zation to M1 or M2 types. The results showed that TM9SF4
gene KO increased M1 macrophages but decreased M2 mac-
rophages in colonic tissue in vivo. Furthermore, in isolated
BMDMs, TM9SF4 gene KO enhanced the LPS/IFNg-induced
M1 macrophage polarization but inhibited the IL4/IL13-
induced M2 macrophage polarization. These data indicate a
crucial role of TM9SF4 in macrophage polarization.

Disruption of the intestinal epithelial barrier is a hallmark
of colitis, which is characterized by induction of epithelial cell
apoptosis, altered tight junction protein expression, and
increased intestinal permeability.2,3,37 Intestinal inflamma-
tion, excessive ER stress, and increased macrophage polari-
zation to M1 rather than M2 types are all documented to
promote intestinal barrier dysfunction.2,3,35,38 Therefore, we
explored the role of TM9SF4 in intestinal barrier function. The
results showed that knockdown of TM9SF4 in either epithe-
lial cells or macrophages each decreased the transepithelial
resistance of epithelialmonolayers, reduced the expression of
tight junction proteins Claudin-1 and ZO-1, and reduced
epithelial cell migration and proliferation. Together, these
data support that deficiency of TM9SF4 in epithelial cells and
macrophages disrupted epithelial barrier function.

Intriguingly, we found that the expression level of
TM9SF4 in inflamed colon regions of human UC patients
was much lower compared with that of normal colon sam-
ples. In addition, the patients with more severe disease
(high Mayo score) had lower expression of TM9SF4
compared with those with mild disease (low Mayo score).
Similarly, TM9SF4 expression was lower in colonic tissue of
DSS-induced IBD mice than those of normal mice. We also
found that treatment with LPS/IFNg, which stimulates
inflammation, suppressed the expression of TM9SF4 in
ted ER calcium content in colonic epithelial cells. (A and B)
a2þ-free physiological saline. Shown are time courses and a
10 mmol ATP or (B) 5 mmol ionomycin (n ¼ 4–5). Change in
AM indicator. (C and D) HT-29 cells were overexpressed with
and a data summary of cytosolic calcium change in response
MDMs with Scr-shRNA or TM9SF4-shRNAs were bathed in
ta summary of cytosolic calcium change in response to (E) 10
.05, **P < .01. pcDNA, plasmid cloning DNA; SCR, scrambled
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Figure 11. TM9SF4 re-
gulated cytosolic pH
value and cell surface
expression of 2 phago-
cytosis-related proteins.
Cytosolic pH values of (A)
HCECs and (B) BMDMs
were measured with
pHrodo Red Indicator by
flow cytometry. Shown are
representative flow cytom-
eter experiments and a
data summary. (C) Whole-
cell lysates of WT or KO
BMDMs were collected,
and cell surface proteins
were isolated using surface
biotinylation methods. The
total and surface expres-
sions of CD36 and MerTK
were measured. ATP1A1
and glyceraldehyde-3-
phosphate dehydrogenase
(GAPDH) were the loading
control for cell membrane
proteins and total cellular
proteins, respectively (n ¼
3). Means ± SEM. *P < .05,
**P < .01, and ***P < .001.
max, maximum; SCR,
scrambled control.

260 Xie et al Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 2
colonic epithelial cells (HCECs) and macrophages (BMDMs).
Based on these lines of evidence, we hypothesize an exis-
tence of a vicious cycle consisting of inflammation /
reduced TM9SF4 expression / more severe inflammation.
On the other hand, we also found that treatment of BMDMs
with anti-inflammatory cytokines IL4 and IL13 greatly
enhanced the expression of TM9SF4. Because TM9SF4 has
anti-inflammatory actions, we further hypothesized that
stimulating the signaling axis of IL4/IL13–TM9SF4 could be
a means to reduce inflammation and alleviate IBD symp-
toms. Further experiments are needed to verify these
hypotheses.

Because deficiency of TM9SF4 elicited multiple patho-
physiological responses that can aggravate IBD progression.
An intriguing next question is: what is the immediate
downstream event after TM9SF4 that eventually triggers all
other dysregulations? We speculate that ER stress increase
could be the key event. It is well documented that an in-
crease in ER stress can promote inflammation,32 enhance
M1 macrophage polarization,39,40 and disrupt the epithelial
barrier.41 As to the mechanisms of how TM9SF4 deficiency
can increase ER stress, we propose 2 mechanisms. First,
TM9SF4 deficiency may deplete ER Ca2þ content, causing an
ER stress increase; and, second, TM9SF4 deficiency may
cause cytoplasmic acidification, subsequently leading to an
ER stress increase. Previous studies have established that
Ca2þ store depletion20,42 and cytosolic acidification43 can
increase ER stress. Our results also clearly showed that
TM9SF4 deficiency could deplete intracellular Ca2þ stores
and cause cytoplasmic acidification. Therefore, a likely
overall scenario is that TM9SF4 deficiency acts through
Ca2þ store depletion and cytoplasmic acidification to in-
crease ER stress, subsequently triggering other dysregula-
tion, leading to IBD aggravation. To its support, we also
found that ER stress alleviation by 4-PBA greatly reduced
the IBD symptoms (Figures 4 and 6). However, an additional
mechanism also may exist. We found that TM9SF4 defi-
ciency may reduce the cell surface targeting of 2
phagocytosis-related proteins, CD36 and MerTK, in macro-
phages, which also is expected to affect inflammation.

In summary, TM9SF4 is a key regulatory protein in the
maintenance of colonic homeostasis. Deficiency of TM9SF4
in colonic epithelial cells and macrophages increases
ER stress, promotes inflammation, and disrupts the intes-
tinal epithelial barrier, consequently aggravating IBD
symptoms.
Materials and Methods
Human Tissues

Human tissue experiments were approved by the Joint
Chinese University of Hong Kong–New Territories East
Cluster Clinical Research Ethics Committee (2019.671). All
patients with UC were recruited from the Department of
Medicine and Therapeutics, Prince of Wales Hospital, from
June 2020 through April 2021. Biopsy samples were ob-
tained from the actively inflamed (n ¼ 15) and/or non-
inflamed (n ¼ 25) normal regions of colons from patients
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undergoing a colonoscopy with the patient’s consent. The
diagnoses of UC were based on clinical, radiologic, endo-
scopic, and histologic criteria. The disease severity was
assessed with the Mayo Endoscopic subscore according to
standard criteria during endoscopy (Table 1).
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Mice
Tm9sf4tm1a(KOMP)Wtsi mice were purchased from KOMP

Repository, The Jackson Laboratory (Davis, CA).
Tm9sf4tm1a(KOMP)Wtsi were created on a C57BL/6N back-
ground and were heterozygous for TM9SF4 KO. TM9SF4-/-
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(KO) mice were generated by crossing heterozygous mice as
described elsewhere.21 Standard tail DNA genotyping was
used to identify TM9SF4 KO mice. All animal experiments
were approved by the Animal Experimentation Ethics Com-
mittee, The Chinese University of Hong Kong (20-138-MIS),
and performed in compliance with the Guide for the Care and
Use of Laboratory Animals published by the US National
Institute of Health (publication no. 85-23, revised 1996).

The bone marrow chimeras were generated with age- and
sex-matched WT and TM9SF4 KO mice. Briefly, recipients
were injected intraperitoneal with clodronate liposomes
(Liposoma BV, Amsterdam, Netherlands) and irradiated with
8 Gy (Gammacell 3000; MDS Nordion, Ottawa, Ontario). Bone
marrow cells (2� 106 cells for each recipient) fromWT or KO
donor mice were harvested and stained with PKH67 dyes
(Sigma, Burlington, MA), and then injected intravenously into
recipient mice. DSS-induced colitis was induced 6 weeks after
bone marrow transplantation.
Mouse Models of Colitis
Male WT and TM9SF4 KO littermates aged 8–10 weeks

were used for induction of colitis. For DSS-induced colitis,
mice received 2% DSS (molecular weight, 36,000–50,000
kilodaltons; MP Biomedicals, Irvine, CA) in drinking water for
7 days. Body weights and colitis index were monitored daily.
In some cases, 4-PBA (MedChemExpress, Monmouth Junction,
NJ) dissolved in corn oil was given orally to mice at a dose of
500 mg/kg body weight twice daily during induction of colitis.

For TNBS-induced colitis, mice were anesthetized and
received an intrarectal injection of 2.5 mg TNBS in 100 mL
50% ethanol, or 100 mL 50% ethanol alone as control. After
infusion, mice were hold in a vertical position for 3 minutes.
Body weights and colitis index were monitored daily. On
day 4, the mice were killed and colons were excised.

For both DSS- and TNBS- colitis, the severity of colitis was
interpreted or scored as follows: body weight loss, colon
length on the end day of treatment, stool consistency (score,
0–3: 0, normal; 1, slightly soft stools; 2, loose stools; 3, watery
stools), anal bleeding (score, 0–3: 0, normal; 1, minimal
bleeding; 2, slight bleeding; 3, gross bleeding). For histologic
analysis, colons were harvested on the end day of treatment
for paraffin section preparation and stained with H&E. His-
topathologic scores were determined as follows: score, 0–4: 0,
Figure 12. (See previous page). TM9SF4 knockdown disrupt
stably transfected with Scr-shRNA or TM9SF4-shRNAs. Relative
The levels of claudin-1 and ZO-1 were detected by (B) qRT-PC
expressed with TM9SF4 or vector pcDNA6. (D) Relative transepi
claudin-1 and ZO-1 were detected by (E) qRT-PCR (n ¼ 3) and (
(PMA)-primed THP-1 cells were treated with LPS, IL1b, and IFNg
diagram of (G) co-culture study, (H) relative transepithelial resis
qRT-PCR (n ¼ 3), and (J) Western blot (n ¼ 3). (K) Data
marrow–chimeras (n ¼ 6). (L) Immunofluorescence staining of cl
bone marrow–chimeras (n ¼ 6). Blue, Hoechst nuclear stain. Sca
shRNA or TM9SF4-shRNA1. Supernatants were collected from
expressed with Scr-shRNA or with TM9SF4-shRNA1. The sup
measured by wound healing assays (n ¼ 8–15 per group). (N) C
from day 0 to day 4 after THP-1 conditional medium-treatment (
cloning DNA; SCR, scrambled control.
normal tissues; 1, mild inflammation in the mucosa with some
infiltrating mononuclear cells; 2, increased level of inflam-
mation in the mucosa with more infiltrating cells, damaged
crypt glands and epithelium, mucin depletion from goblet
cells; 3, extensive infiltrating cells in the mucosa and sub-
mucosa area, crypt abscesses present with increased mucin
depletion and epithelial cell disruption; and 4, massive infil-
trating cells in the tissue, complete loss of crypts.

Cell Culture, Lentiviral Infection, and Plasmid
Transfection

HEK293T, HT-29, Caco-2, THP-1, and Raw 264.7 cell
lines were purchased from the American Type Culture
Collection and were maintained under 95% O2 and 5% CO2

in a humidified incubator at 37�C according to instructions.
HCECs were a gift from Professor Jerry W. Shay (University
of Texas Southwestern Medical Center, Dallas, TX) and were
cultured in the conditions as previously reported.25

Lentiviral-based shRNAs were used to create TM9SF4
stable knockdown cell lines under the selection of 2 mg/mL
puromycin (Invitrogen, Waltham, MA). TM9SF4–shRNA1
sequence was 5’-GCGGATCACAGAAGACTACTA-3’;
TM9SF4–shRNA2 sequence was 5’-CGGTGGTACATGAAC
CGATTT-3’. Scrambled-shRNA was used as control.

For TM9SF4 overexpression, TM9SF4 complementary
DNA (cDNA) was subcloned in pcDNA6/V5-His A vector
(Addgene, Watertown, MA) by EcoRI and XbaI. Plasmids
were transfected into cells with Lipofectamine 3000 (Invi-
trogen, MA) according to the manufacturer’s instructions.

RNA Sequencing Analysis and qRT-PCR
Total RNA from colon tissues or cells was extracted with

NucleoSpin RNA Plus (Macherey-Nagel, Allentown, PA). RNA
sequencing was performed with the BGISEQ-500 platform
by BGI (Wuhan, China). The Gene Ontology and KEGG da-
tabases were used to extrapolate differentially expressed
pathways in a knowledge base–driven pathway analysis
approach. Heatmaps were drawn using GraphPad Prism 9
software (San Diego, CA).

For qRT-PCR analysis, cDNA was synthesized with the
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Bedford, MA). Real-time PCR analysis was per-
formed on ABI QuantStudio 7 (QS7) Flex Real Time PCR
ed the intestinal epithelial barrier. (A–C) Caco-2 cells were
transepithelial electrical resistance was measured (A) (n ¼ 5).
R and (C) Western blot (n ¼ 3). (D–F) HT-29 cells were over-
thelial electrical resistance was measured (n ¼ 5). The levels of
F) Western blot (n ¼ 3). (G–J) Phorbol 12-myristate 13-acetate
, and co-cultured with Caco-2 cells. Shown are the schematic
tance (n ¼ 5), (I) expressional level of claudin-1 and ZO-1 by
summary of serum FITC–dextran concentration in bone

audin-1 (green) in colon tissue sections from 2% DSS-treated
le bars: 100 mm. (M and N) HCECs were transfected with Scr-
IL4/IL13-treated PMA-primed THP-1 cells that were stably
ernatants were added into HCECs. (M) Cell migration was
ell proliferation was quantified by Cell Counting Kit-8 (CCK8)
n ¼ 4). Means ± SEM. **P < .01, ***P < .001. pcDNA, plasmid



Figure 13. Knockout of TM9SF4 exacerbated TNBS-induced colitis in mice. (A) Time courses of body weight loss in WT
and KO mice injected intrarectally with TNBS or vehicle (50% ethanol in 100 mL). Representative (B) images and (C) data
summary of colon lengths in WT and KO mice. (D) Time courses of diarrhea of WT and KOmice. (E) mRNA levels of TNFa, IL1b,
and IL6 in colon tissues as assessed by qRT-PCR. (F) Representative images (top) and histopathologic scores (bottom) of
H&E-stained colon tissue sections from TNBS-induced WT and KO mice. Scale bars: 100 mm. (G) Expressions of
GRP78, CHOP, cleaved caspase 3, and CD68 in colons of TNBS-treated WT or KO mice as detected by immunohisto-
chemistry. Shown are representative images (left) and data summary (right). Brown, immunopositive signals; blue, nuclear
counterstain. Scale bars: 100 mm. Means ± SEM. n ¼ 5–6 mice per group in all experiments. *P < .05, **P < .01, and ***P <
.001. DAB, 3,30-Diaminobenzidine.
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System (Bedford, MA), using SYBR select mater mix (Applied
Biosystems) and following the standard protocol. The gene
expression levels were normalized with the housekeeping
gene GAPDH and relative expression levels were measured
using comparative CT (DDCt) analysis (Table 2).
Immunoblotting
Cells were lysed in radioimmunoprecipitation assay

lysis buffer supplemented with 1 mmol/L
phenylmethylsulfonyl fluoride. Cell plasma membrane was
labeled with sulfo-NHS-SS-biotin, and plasma membrane
proteins were isolated with Pierce Cell Surface Protein
Biotinylation and Isolation Kit (ThermoFisher, Waltham,
MA). Cell lysates were separated on sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and transferred
onto polyvinylidene difluoride membranes (Bio-Rad, Her-
cules, CA). The membranes were immunoblotted with
primary antibodies at 4�C overnight and incubated with
secondary antibodies at room temperature for 1 hour.



Figure 14. TM9SF4 expression was down-regulated in human UC and mouse experimental colitis. (A) Tissue biopsy
specimens from normal and inflamed regions of colons from patients with UC were collected. Levels of TM9SF4 from case 1 to
case 7 were determined by Western blot. Representative (B) images and (C) data summary of TM9SF4 immunostaining in
normal (n ¼ 25) and inflamed (n ¼ 15) regions of colons from UC patients. Scale bar: 100 mm. Representative (D) images and (E)
data summary of TM9SF4 staining in colons from UC patients with low Mayo scores (n ¼ 9) and high Mayo scores (n ¼ 6).
Scale bar: 100 mm. Representative immunostaining (F) images and (G) data summary of GRP78 and CHOP in normal (n ¼ 15)
and inflamed (n ¼ 15) regions of colons from UC patients. Scale bars: 100 mm. Representative TM9SF4 immunohistochemistry
staining (H) images and (I) data summary of colons from WT mice with or without 2% DSS treatment. Scale bar: 100 mm.
Means ± SEM. **P < .01, ***P < .001. DAB, 3,30-Diaminobenzidine; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 15. The effect of LPS/
IFNg or IL4/IL13 treatment
on TM9SF4 expression. (A)
LPS-induced decrease of
TM9SF4 expression in
HCECs as assessed by
Western blot. (B) LPS/IFNg-
induced decrease of TM9SF4
expression in BMDMs as
assessed by Western blot. (C)
IL4/IL13-induced increase of
TM9SF4 expression in
Raw264.7 cells as assessed
by Western blot. Means ±
SEM. n ¼ 3. *P < .05.
GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.
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The blots were visualized with ECL substrates (GE
Healthcare, Chicago, IL) using the ChemiDoc XRS þ sys-
tem (Bio-Rad). The following antibodies were used:
TM9SF4 (25595-1-AP; Proteintech, Rosemont, IL), GRP78
(11587-1-AP; Proteintech), ATF4 (10835-1-AP; Pro-
teintech), ATF6 (24169-1-AP; Proteintech), XBP1 (25997-
1-AP; Proteintech), CHOP (15204-1-AP; Proteintech), COX2
(12282; Cell Signaling Technology, Danvers, MA), cleaved
caspase 3 (9664; Cell Signaling Technology), claudin-1
(13050-1-AP; Proteintech), ZO-1 (8193; Cell Signaling
Technology), glyceraldehyde-3-phosphate dehydrogenase
(97166; Cell Signaling Technology), tubulin (10068-1-AP;
Proteintech), b-actin (66009-1-Ig; Proteintech), MerTK
(DF7344; Affinity Biosciences, Melbourne, Australia), and
CD36 (18836-1-AP; Proteintech).
Immunostaining
For immunohistochemistry staining of human and mouse

colon sections, paraffin sections were heated for antigen
retrieval in citrate solutions, blocked with 5% bovine serum
albumin for 30 minutes, incubated with primary antibodies at
4�C overnight, and horseradish peroxidase–conjugated sec-
ondary antibodies at 37�C for 1 hour. Immunosignals were
reacted with 3,3’-diaminobenzidine and sections were finally
counterstained with hematoxylin. Pictures were taken under
the microscope.

For immunofluorescence staining, tissue cryosections
were washed in phosphate-buffered saline (PBS) 3 times to
remove optimal cutting temperature (OCT) gels, blocked with
5% bovine serum albumin supplemented with 0.01% Triton-
X-100 (Sigma, Burlington, MA) for 2 hours, followed by
staining with primary antibodies at 4�C overnight, and
fluorescence-conjugated secondary antibodies at room tem-
perature for 2 hours. Images were acquired under a confocal
microscope. The following antibodies were used: TM9SF4
(25595-1-AP; Proteintech), GRP78 (11587-1-AP; Proteintech),
CHOP (15204-1-AP; Proteintech), cleaved caspase 3 (9664;
Cell Signaling Technology), claudin-1 (13050-1-AP; Pro-
teintech), CD68 (28058-1-AP; Proteintech), CD206 (60143-1-
Ig; Proteintech), and CD80 (66406-1-Ig; Proteintech).
Measurement of ER Ca2þ Release
Cells were loaded with Ca2þ-sensitive fluorescence dye 10

mmol/L Fluo-4 AM (Invitrogen) and 0.02% Pluronic F-127 at
37�C for 30 minutes in the dark. To measure the Ca2þ release
from ER Ca2þ stores, the cells were incubated in 0Ca2þ (cal-
cium-free) physiological saline solutions and challenged with
10 mmol ATP or 5 mmol ionomycin. 0Ca2þ-PSS contained in



Table 1.Clinical Characteristics of Patients With Ulcerative
Colitis

Colonic UC

Patients, n 25

Age, y 50.02 ± 14.25

Sex
Male 10
Female 15

Disease duration, mo 124.82 ± 110.15

Current therapy
No treatment 3
Topical treatment 5
Mesalamine 17
Prednisolone 1
Immunosuppressants 3
Biologics 4

Disease extent
E1 8
E2 7
E3 10
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140 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl2, 10 mmol/
L glucose, 0.2 mmol/L ethylene glycol-bis(b-aminoethyl
ether)-N,N,N0,N0-tetraacetic acid, and 5 mmol/L HEPES, pH
7.4. Fluorescence intensity was recorded by an Olympus
FV1000 confocal microscope (Tokyo, Japan) and the signals
relative to the starting signal (F1/F0) were calculated to
quantify the cytosolic Ca2þ change.

ROS Measurement
The cell-permeable fluorescent dye DHE (Beyotime

Biotechnology, Shanghai, China) was used to measure ROS
levels in vitro and in vivo. Briefly, OCT-embedded freshly
isolated colon tissues were cut into cryosections. Tissue sec-
tions or live cells were washed with PBS and stained with
DHE dye according to the manufacturer’s instructions. DHE
fluorescent images were taken under a confocal microscope.

Intestinal Permeability Assay
The DSS-challenged mice were deprived of food and water

for 3 hours before experiments. FITC–dextran (molecular
weight, 40,000kDa) was gavaged into mice at a dose of 0.6 mg/
g body weight in 100 mL PBS. Four hours later, mice were
killed. Serum FITC concentration was measured with a stan-
dard curve using a SpectraMax platereader (Silicon Valley, CA).

In Vitro Transepithelial Resistance Measurement
Transepithelial resistance (TER) of Caco-2 cells or HT-29

cells was measured as previously described.3 Monolayers
were cultured on Transwell–collagen membranes (culture
area, 0.2 cm2) for 2 weeks to reach confluence. To measure
the TER, the monolayers were mounted in an Ussing
chamber and perfused at 37�C with normal
bicarbonate–buffered Krebs–Henseleit solution, which con-
tained 117 mmol/L NaCl, 25 mmol/L NaHCO3, 4.7 mmol/L
KCl, 1.2 mmol/L MgCl2, 1.2 mmol/L KH2PO4, 2.5 mmol/L
CaCl2, and 11 mmol/L D-glucose, pH 7.4, with continuous
bubbling of 95% O2 and 5% CO2. The TER was measured
using a voltage clamp amplifier (MC6; Physiologic In-
struments, Reno, NV). A voltage pulse of 2 mV was applied
periodically, and the average change in current was used to
calculate the TER according to Ohm’s law.
Isolation of Murine Colonic Lamina Propria
Mononuclear Cells and Magnetic Activated Cell
Sorting

Colons were isolated, opened longitudinally, and cut into
approximately 0.5-cm pieces. The pieces were incubated
with Hank’s balanced salt solution buffer supplemented
with 5% fetal bovine serum (FBS), 10 mmol/L HEPES, and 5
mmol/L EDTA at 37ºC in a horizontal shaker to remove
intestinal epithelium. The remaining tissues were washed
and digested with Hank’s balanced salt solution containing 1
mg/mL collagenase D and 0.1 mg/mL DNAse for 20 minutes
at 37ºC. The suspensions were filtered through 70-mm nylon
mesh and centrifuged for pellets. After centrifugation, the
supernatant was discarded and the pellets were resus-
pended in 30% Percoll (GE Healthcare), overlaid on 80%
Percoll, and centrifuged at 2000 rpm for 20 minutes at 22ºC.
Lamina propria mononuclear cells from the white interface
were collected and washed twice for FACS analysis.

Lamina propria mononuclear cells were incubated with
CD11b microbeads (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to the manufacturer’s instructions. The
CD11bþ cells were collected for Western blot and qRT-PCR
analysis.

Flow Cytometry
IEC cell lines or digested cell suspensions were washed

with FACS buffer (PBS containing 5% FBS and 2 mmol/L
EDTA) and centrifuged. Cell pellets were incubated with
fragment crystallizable (Fc) receptor blocker (CD16/32; Bio-
Legend, San Diego, CA) at 4ºC for 15 minutes and stained with
antibodies or the matching isotype control at 4ºC for 25 mi-
nutes in the dark. For staining of intracellular markers, the
cells were incubated with antibodies against surface markers,
fixed, and permeated with Perm/Wash Buffer (BD Bio-
sciences, Franklin Lakes, NJ) before intracellular staining. The
following antibodies were used: CD45 (Brilliant Violet 711, 30-
F11; BioLegend), CD11b (allophycocyanin, M1/70; BioLegend),
F4/80 (phycoerythrin, BM8; BioLegend), CD11c (PE, N418;
BioLegend), CD206 (Alexa Fluor 488, C068C2; BioLegend),
MHCII (FITC, M5/114.15.2; BioLegend) CD4 (FITC, GK1.5;
BioLegend), CD8 (PE/Cy5, SK1; BioLegend), and Gr-1 (PE/Cy7,
RB6-8C5; BioLegend). Analysis or cell sorting was performed
with the Aria Fusion Cell sorter and Cell Analyzer (BD Bio-
sciences). The acquired data were analyzed by FlowJo software.

Primary Culture of Peritoneal Macrophages and
BMDMs

To generate peritoneal macrophages, 10- to 12-week-old
mice were injected intraperitoneally with 1 mL 3.5%
Brewer’s thioglycollate (Sigma-Aldrich). After 3 days, peri-
toneal macrophages were isolated from peritonitis exudates



Table 2.Primers for qRT-PCR

Gene Species Sequence

Il1b Mouse AAAAAAGCCTCGTGCTGTCG
GTCGTTGCTTGGTTCTCCTTG

Il6 Mouse TCCATCCAGTTGCCTTCTTG
TTCCACGATTTCCCAGAGAAC

Tnfa Mouse AAGCCTGTAGCCCACGTCGTA
AGGTACAACCCATCGGCTGG

Il1b Human AATCTGTACCTGTCCTGCGTGTT
TGGGTAATTTTTGGGATCTACACTCT

Il6 Human AGCCCTGAGAAAGGAGACATGTA
AGGCAAGTCTCCTCATTGAATCC

Tnfa Human TCTCGAACCCCGAGTGACAA
TATCTCTCAGCTCCACGCCA

Gapdh Human CCACCCATGGCAAATTCC
TGGGATTTCCATTGATGACAAG

Gapdh Mouse TGTGTCCGTCGTGGATCTGA
CCTGCTTCACCACCTTCTTGAT

Mfge8 Mouse GGACATCTTCACCGAATACATCTGC
TGATACCCGCATCTTCCGCAG

Cd36 Mouse TCGGAACTGTGGGCTCATTG
CCTCGGGGTCCTGAGTTATATTTTC

Gas6 Mouse TCTTCTCACACTGTGCTGTTGCG
GGTCAGGCAAGTTCTGAACACAT

Il23p19 Mouse CATGCTAGCCTGGAACGCACAT
ACTGGCTGTTGTCCTTGAGTCC

Il11 Mouse CTGACGGAGATCACAGTCTGGA
CAGCTTGTACCAGAAGCAAGGG

Mrc1 Mouse ACAACAGACAGGAGGACTGCGT
AACCCATGCCGTTTCCAGCCTT

Ym1 Mouse CAGGGTAATGAGTGGGTTGG
AAGTAGATGTCAGAGGGAAATGTC

Il12a Mouse CACAAGAACGAGAGTTGCC
TGGCTACTA
TAAGGGTCTGCTTCTCCCAC
AGGAGGTT

Il10 Mouse TGGCCCAGAAATCAAGGAGC
CAGCAGACTCAATACACACT

Tm9sf4 Mouse CTGGAGTCGCGCCAATCAAT
GGCAGAAGGGCAATGAGTAGT

Tm9sf4 Human GATTGGTTGCCGTGGTCTTTA
TTCTACGGGATCGTTCTGGTG

Zo1 Human CAACATACAGTGACGCTTCACA
CACTATTGACGTTTCCCCACTC

Cldn1 Human CCTCCTGGGAGTGATAGCAAT
GGCAACTAAAATAGCCAGACCT

Inos Mouse AGGGACAAGCCTACCCCTC
CTCATCTCCCGTCAGTTGGT

Arg1 Mouse CCCTGGGGAACACTACATTTTG
GCCAATTCCTAGTCTGTCCACTT
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by peritoneal lavage with 5 mL ice-cold RPMI 1640 medium
(Gibco, Waltham, MA). The peritoneal macrophages were
allowed to rest overnight in RPMI 1640 supplemented with
10% FBS at 37ºC in a 5% CO2 incubator before the start of
experiments.

To generate BMDMs, tibias and femurs from 6- to 8-
week-old mice were harvested. Bone marrows were
flushed and passed through 70-mm mesh, resuspended in
Dulbecco’s modified Eagle medium (Gibco), and overlaid
on Ficoll-Paque Plus (GE Healthcare). The mixtures were
centrifuged at 1800 rpm for 20 minutes at 22ºC. BMDMs
from the interface of the red Dulbecco’s modified Eagle
medium layer and the colorless clear layer were
collected and cultured in high-glucose Dulbecco’s modified
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Eagle medium supplemented with 10% FBS, 2 mmol/L
L-glutamine (Gibco), 0.5% 2-mercaptoethanol (Gibco),
and 10 ng/mL recombinant murine macrophage colony
stimulating factor (Peprotech, Cranbury, NJ) for 7 days
before experiments.

Phagocytosis Assay
In vitro phagocytosis was measured with mouse peritoneal

macrophages. Jurkat cells were treated with staurosporine
(Sigma) to induce apoptosis and stained with CFSE dye (Invi-
trogen). Phagocytosis was induced by incubating peritoneal
macrophages with CFSE-labeled apoptotic cells at a ratio of 1:5
in RPMI1640 for 1 hour at 37ºC. After incubation, adherent
macrophages were detached and stained with PE-conjugated
F4/80 for flow cytometry or confocal microscopy analysis.

Intracellular pH Measurement
Cells were digested and stained with pHrodo AM Ester

(Invitrogen) for 30 minutes. The cytosolic pH values were
evaluated using a LSRFortessa Cell Analyzer (BD Bio-
sciences) with excitation/emission of 560/585 nm.

Wound Healing Assay
Two-well culture-insert (ibidi, Gräfelfing, Germany) was

used for the wound healing assay. Briefly, HCECs were pre-
incubated with conditional medium from IL4/IL13-induced
THP-1 macrophages or control medium for 72 hours. Cells
(2 � 105) were added into each well of the insert. Inserts
were removed after appropriate cell attachment. The cells
were fixed and stained with crystal violet at 0, 12, and 24
hours. The fields were selected randomly under an IX83
Inverted Microscope (Olympus) and wound healing was
assessed by Fiji ImageJ software (National Institutes of
Health, Bethesda, MD).

Cell Viability Assay
Cell growth was detected by a commercial cell counting

kit-8 (CCK-8; Beyotime). Cells were seeded at a density of
2 � 103 per well in the 96-well plates and cultured at 37�C.
Cell counts at different indicated times were determined
with CCK-8 under a microplate reader following the man-
ufacturer’s instructions.

Co-culture of THP-1 and Caco-2 Cells
Differentiation of THP-1 macrophages was induced with

100 ng/mL phorbol 12-myristate 13-acetate (Sigma) for 48
hours at 37�C. Co-culture of THP-1 and Caco-2 cells was
conducted using Transwell chambers with a 0.4-mm Pore
Polycarbonate Membrane (Corning, Corning, NY). THP-1 cells
with a mixture of IL1b, IL18, and LPS were added to the upper
chamber, while Caco-2 cells at 80% confluence were grown
on the basal side. After 72 hours, Caco-2 cells were used for
TER measurement or gene expression analysis.

Statistical Analysis
Data from at least 3 independent experiments were

calculated with GraphPad Prism 9. All data are presented as
the means ± SEM and Student t test, 1-way analysis of
variance or 2-way analysis of variance was used for
comparison between groups.
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