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A B S T R A C T   

T-cell immunoglobulin domain and mucin domain-3 (Tim-3) is a versatile immunomodulator that protects 
against intestinal inflammation. Necroptosis is a type of cell death that regulates intestinal homeostasis and 
inflammation. The mechanism(s) underlying the protective role of macrophage Tim-3 in intestinal inflammation 
is unclear; thus, we investigated whether specific Tim-3 knockdown in macrophages drives intestinal inflam
mation via necroptosis. Tim-3 protein and mRNA expression were assessed via double immunofluorescence 
staining and single-cell RNA sequencing (sc-RNA seq), respectively, in the colonic tissues of patients with in
flammatory bowel disease (IBD) and healthy controls. Macrophage-specific Tim3-knockout (Tim-3M− KO) mice 
were generated to explore the function and mechanism of Tim-3 in dextran sodium sulfate (DSS)-induced colitis. 
Necroptosis was blocked by pharmacological inhibitors of receptor-interacting protein kinase (RIP)1, RIP3, and 
reactive oxygen species (ROS). Additionally, in vitro experiments were performed to assess the mechanisms of 
neutrophil necroptosis induced by Tim-3 knockdown macrophages. Although Tim-3 is relatively inactive in 
macrophages during colon homeostasis, it is highly active during colitis. Compared to those in controls, Tim- 
3M− KO mice showed increased susceptibility to colitis, higher colitis scores, and increased pro-inflammatory 
mediator expression. Following the administration of RIP1/RIP3 or ROS inhibitors, a significant reduction in 
intestinal inflammation symptoms was observed in DSS-treated Tim-3M− KO mice. Further analysis indicated the 
TLR4/NF-κB pathway in Tim-3 knockdown macrophages mediates the TNF-α-induced necroptosis pathway in 
neutrophils. Macrophage Tim-3 regulates neutrophil necroptosis via intracellular ROS signaling. Tim-3 knock
down macrophages can recruit neutrophils and induce neutrophil necroptosis, thereby damaging the intestinal 
mucosal barrier and triggering a vicious cycle in the development of colitis. Our results demonstrate a protective 
role of macrophage Tim-3 in maintaining gut homeostasis by inhibiting neutrophil necroptosis and provide novel 
insights into the pathogenesis of IBD.   

1. Introduction 

Inflammatory bowel disease (IBD) is a chronic immune-mediated 
disease encompassing ulcerative colitis (UC) and Crohn’s disease (CD) 
[1,2]. IBD is hallmarked by excess immune cells in the gastrointestinal 
tract and complex inflammatory networks [3]. The innate immune 
system comprises macrophages, neutrophils, and dendritic cells [4–7]. 
Macrophages are intriguing targets for immune-mediated therapeutic 

strategies, specifically when there is a compromise in the barrier func
tion of the gastrointestinal tract to induce aberrant inflammatory re
sponses [8]. As well, macrophages play an important role in immune 
responses to pathogens and tolerance to commensals in the gut [9]. 

The T-cell immunoglobulin domain and mucin domain-3 (Tim-3, 
also known as HAVCR2) is a negative regulator of immune cells [10]. 
Tim-3 was first described as a marker of Th1 cells [10]; however, there is 
evidence that it is expressed in various immune cells, including Th17 
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cells [11], dendritic cells [12], natural killer (NK) cells [13], mast cells 
[14], and monocytes/macrophages [15]. The function of macrophage 
Tim-3 in intestinal inflammation remains unclear. UC is strongly linked 
to chronic inflammation, which may result from an aberrant immune 
response toward microbiota in the intestines and/or food antigens [16]. 
Macrophages, important antigen-presenting cells, play a central func
tion in the pathogenesis of UC by presenting antigens to downstream 
adaptive immune cells [16,17]. Thus, we aimed to characterize the role 
as well as the mechanism of action of macrophage Tim-3 in patients with 
UC in this study. 

Necroptosis, a recently identified cell death pathway that regulates 
intestinal homeostasis and inflammation, is a type of necrosis caused by 
death receptors, such as tumor necrosis factor (TNF)-α receptor 1, 
receptor-interacting protein kinase (RIP)1, and RIP3 [18]. These re
ceptors activate the phosphorylation of mixed lineage kinase 
domain-like (MLKL) proteins, disrupting cell integrity [19]. A key 
component of necroptosis is the release of cellular contents, including 
potential damage-associated molecular patterns (DAMPs), such as high 
mobility group box 1 protein (HMGB1) and ATP [20,21]. The generation 
of Reactive Oxygen Species (ROS) has been suggested to contribute to 
necroptosis, although the sources and functions of ROS in this process 
are still not fully understood [22,23]. The dysregulation of necroptosis is 
important in inflammatory-based pathologies including IBD, sepsis, and 
neurodegenerative diseases [24]. Therefore, inhibition of necroptosis is 
a potentially effective treatment strategy for myriad diseases involving 
inflammation and cell death [25]. However, the role of necroptosis in 
IBD pathogenesis remains elusive. 

Neutrophils, the most abundant immune cell type, constitute the first 
line of immune defenses [26]. However, excessive recruitment of neu
trophils results in tissue damage in IBD [27]. Specifically, neutrophils 
promote gut inflammation in IBD by secreting high levels of reactive 
oxygen species (ROS), which disrupt the epithelial barrier and enhance 
redox-sensitive inflammatory pathways [28]. Damage to the epithelial 
barrier can be attributed to the release of neutrophil-secreted proteases 
and pro-inflammatory cytokines, which recruit monocytes and neutro
phils to the inflamed tissue [6]. Furthermore, tissue macrophages play 
an important role in neutrophil recruitment [29]; however, it remains 
unclear whether macrophages recruit neutrophils and subsequently 
induce neutrophil necroptosis. 

This study characterizes the function and mechanism of action of 
macrophage Tim-3 in UC and shows that the Tim-3 expression level is 
remarkably elevated within the macrophages of patients with UC and 
the murine colitis model. Our findings underscore that macrophage Tim- 
3 acts as a determinant of neutrophil necroptosis and intestinal mucosal 
barrier, providing novel insights into UC treatment strategies. 

2. Materials and methods 

2.1. Human samples 

Samples were extracted from CD or UC patients and healthy controls 
at The First Affiliated Hospital of Nanchang University (Nanchang, 
China). The Ethics Committee of the First Affiliated Hospital of Nan
chang University approved this study [ethical approval number: (2022) 
CDYFYYLK(06-021)], and each participant provided informed consent. 
Colon samples were collected from patients undergoing colonoscopy or 
colon resection for IBD, or from healthy subjects undergoing 

colonoscopy surveillance. Mucosal biopsies from 48 patients with IBD 
(UC: 24 colon samples; CD: 24 ileum or colon samples) and 12 healthy 
volunteers were collected according to conventional protocols. Patient 
information is presented in Table S1. IBD was diagnosed by two expe
rienced IBD-focused gastroenterologists through a routine diagnostic 
evaluation, utilizing the Porto criteria modified according to the ECCO 
guidelines [30]. 

2.2. Data collection 

The NCBI GEO database provided both single-cell RNA sequencing 
(sc-RNA-seq) (GSE214695) and RNA array (GSE126124) data. First, the 
Seurat function “FindVariableFeatures” was employed to detect the 
highly variable genes (HVGs). Data integration involved utilizing the top 
2000 HVGs. The information was rescaled using the “ScaleData” 
method, and the initial 40 principal components were selected for auto- 
clustering analysis through the “FindNeighbors” and “FindClusters” 
functions. Clusters were identified for every cell at a resolution of 1.5. A 
UMAP scatter plot was generated to visualize the cluster outcomes. The 
macrophage marker genes were obtained from the CellMark database. 

2.3. Animal experiments 

Both experimental and breeding mice were housed in a pathogen- 
free animal facility. All animal experiments were subjected to 
approval by the Animal Ethics Committee of Nanchang University 
(CDYFY-IACUC-202301QR046). C57BL/6 Tim-3fl/fl and Lys M-Cre mice 
were procured from Gempharmatech Co. Ltd. (Nanjing, China). Tim-3 fl/ 

fl mice were crossed with Lys M-Cre mice to obtain macrophage cell- 
specific Tim-3-knockout mice (LysMCre Tim-3 fl/fl; Tim-3M− KO). 

2.4. Murine colitis models 

To construct a murine colitis model, 3 % dextran sodium sulfate 
(DSS, MP Biomedicals) in drinking water was administered to wild-type 
(WT) C57BL/6 or Tim-3M− KO mice for seven days, and the DSS water 
was changed every other day. On day 8, the animals were euthanized. 
The total body weight and survival rate were monitored. The clinical 
disease activity index (DAI) was assessed using clinical scores for stool 
type, weight loss, and bleeding, as previously described [31]. 

2.5. Histology 

Mice were euthanized via CO2 inhalation and tissue samples were 
collected and stored in RNAlater (M6101; New Cell & Molecular Biotech 
Co., Ltd; Suzhou, China). The rectal region of the colon was dissected, 
preserved in 4 % paraformaldehyde, and paraffinized. Hematoxylin and 
eosin-stained tissue sections were then examined under a light micro
scope (Optithot; Nikon). The histological scoring in our study was 
independently conducted by two pathologists. 

2.6. Animal treatment 

The following reagents were used in animal treatment: 5 mg/kg/day 
Nec-1 (HY-15760, MCE), 10 mg/kg/day GSK-872 (HY-101872, MCE), 
and 100 mg/kg/day NAC (HY–B0215, MCE). Drugs were dissolved as 
per the manufacturer’s instructions. Control mice were intraperitoneally 
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injected with a vehicle alone. 

2.7. Cell culture and transfection 

THP-1 and Caco2 cells were procured from Procell Life Science & 
Technology Co., Ltd. (Wuhan, China) and cultured in RPMI-1640 me
dium in a 5 % CO2 atmosphere at 37 ◦C. THP-1 cells were transfected 
with lentivirus vectors (Tim-3-shRNA or control) following the manu
facturer’s specifications (Shanghai Jikai Gene, China). siRNAs as out
lined below were utilized: 5′-GCCTTTCCAAGGATGCTTACC-3’; 
antisense: 5′-GGTAAGCATCCTTGGAAAGGC-3’. Following the lentiviral 
infection of THP-1 cells, stable shRNA-mediated knockdown cell lines 
were achieved by the selection of puromycin. 

2.8. Reagents 

Recombinant human TNF-α and IL-8 were purchased from Pepro
Tech (PEPROTECH, NJ, USA). For the human TNF-α neutralization 
experiment, co-cultures were treated with 2 μg/ml anti-TNF-α mAb 
(Catalog no#SIM0001) or isotype mAb (human monoclonal IgG1) from 
Bio X cell (West Lebanon, NH). Human IL-8 neutralization mAb (2 μg/ 
ml, Catalog no#MAB208) was obtained from R&D Systems. BAY11- 
7082 (Catalog no#S2913) and TAK-242 (Catalog no#S7455) were 
purchased from Selleck (Houston, TX, USA). 

2.9. HL-60 cell differentiation model 

The human promyelocytic leukemia cell line HL-60 was also pro
cured from Procell Life Science & Technology Co., Ltd. (Wuhan, China) 
and cultured in IMDM (Iscove’s modified Dulbecco’s medium) in a hu
midified 5 % CO2 incubator at 37 ◦C. An HL-60 cell density of 106 cells/ 
ml underwent differentiation into neutrophil-like cells using 1.3 % 
DMSO for up to six days, as previously described [32]. 

2.10. Immunofluorescence/immunohistochemistry 

For immunofluorescence staining, colonic sections measuring 4-μm 
were fixed using paraformaldehyde and permeabilized with Triton X- 
100 in phosphate-buffered saline, followed by subsequent blocking with 
blocking reagents. Next, the tissues were incubated with the appropriate 
primary antibodies and thereafter with a FITC-conjugated secondary 
antibody (Abcom, England). Staining intensity was determined using 
Image J. Colocalization studies were analyzed by Image J Just Another 
Colocalization Plugin (JACoP) (US National Institutes of Health), which 
provided Pearson’s correlation coefficient (r) as a means to measure the 
degree of colocalization of objects in dual-color images. Immunohisto
chemistry was performed on mice colon tissue as described previously 

[33]. Table S2 lists primary antibodies. 

2.11. RNA extraction and quantitative qRT-PCR 

RNA from animal tissues or cultured cells was extracted using an 
RNA Extraction Kit (19221 ES; Yeasen Biotechnology, Shanghai, China) 
as per the manufacturer’s instructions. Total RNA was subjected to 
reverse transcription using a Reverse Transcription kit (11184ES08; 
Yeasen Biotechnology). Quantitative PCR was performed utilizing the 
Hieff® qPCR SYBR Green Master Mix (11184ES08; Vazyme Biotech
nology, Nanjing, China). All primer sequences are listed in Table S3. 

2.12. Western blot analysis 

The RIPA lysis buffer (R0020, Solarbio, Beijing, China) was used to 
homogenize the colonic samples, and the concentration of the total 
protein was measured. Primary antibodies are listed in Table S2. Im
munoblots were displayed using an ECL detection kit (Thermo Fisher, 
USA), and the ChemiDoc MP System (Bio-Rad) was used to expose the 
blots digitally. The results were normalized using β-actin as an internal 
control. Full-length scans of immunoblots with key data are shown in 
Supplementary Fig. S4. 

2.13. RNA-seq 

RNA-seq was performed by OEBiotech (Shanghai, China). To prepare 
the cDNA library for RNA-seq, total RNA was isolated from the colonic 
tissues of WT and Tim-3M− KO mice using an RNA Extraction Kit. An 
Agilent Technologies 2100 Bioanalyzer (Agilent Technologies) played a 
primary role in assessing the integrity of the RNA. The Illumina HiSeq 
2500 platform was used to perform RNA-seq, and the Qubit 2.0 Fluo
rometer (Invitrogen) was used to visualize the RNA-seq data. Fold 
changes >2 and P < 0.05 denoted differentially expressed genes (DEGs). 

3. ELISA 

The secreted cytokines in the supernatants from the cell cultures 
were screened using a human cytokine ELISA plate array (Sangon 
Biotech, Shanghai, China) as per the manufacturer’s instructions. 

3.1. ROS measurement 

ROS generation was assessed using the ROS detection kit (Thermo 
Fisher, USA) following the manufacturer’s specifications. Semi- 
quantification of ROS levels was evaluated using ImageJ software. 

Fig. 1. Tim-3 expression level is elevated in the colonic macrophages of IBD tissues. 
(A) Dual immunofluorescence staining for CD68 (red) and Tim-3 (green) in human colon biopsy tissues. The upper panel shows healthy tissues (n = 12), the middle 
panel shows active Crohn’s disease (ACD) (n = 12) and CD in remission (RCD) tissues (n = 12), and the lower panel shows active ulcerative colitis (AUC) (n = 12) and 
UC in remission (RUC) tissues (n = 12). DAPI (blue)-stained nuclei. Scale bars: 20 μm. Quantitative analysis of CD68 colocalization with Tim-3 was carried out using 
the colocalization plugin of Image J. (B) UMAP findings illustrate the expression as well as distribution of Tim-3 in relation to single-cell clusters, accompanied by a 
box plot showcasing the levels of Tim-3 in colonocytes among patients with CD, UC, and healthy controls. n = 6 per group. (C) Quantification of Tim-3 expression in 
inflammatory bowel disease (IBD) patient datasets (GSE126124). The samples included healthy individuals (n = 39), and patients with CD (n = 39) and UC (n = 18), 
correspondingly. (D) Dual-immunofluorescence staining of F4/80 (red) and Tim-3 (green) in murine colon tissues. DAPI (blue)-stained nuclei. n = 6 for each group. 
Scale bars: 50 μm. Data are presented as the mean ± SD. *P < 0.05, ***P < 0.001, ****P < 0.0001, in comparison to control group. 
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3.2. Neutrophil migration assay 

Transwell migration assay (4.0 μm pore size, 24-well plate, Corning 
Inc., Corning, USA) was used for neutrophil migration assays. To pre
pare the supernatant for placement in the lower chamber, THP-1 cells 
(~2 × 105 cells/well) were treated with phorbol 12-myristate 13-ace
tate (PMA; 100 ng/ml) for 48 h. PMA-differentiated THP-1 cells were 
stimulated with 400 ng/ml lipopolysaccharide (LPS) for 6 h. A culture of 
differentiated HL-60 cells was incubated in serum-free RPMI-1640 me
dium in the upper chamber for 24 h. Incubation was followed by staining 
and analysis of the cells that had migrated to the lower chamber. The 
number of migrated neutrophils was evaluated by ImageJ. 

3.3. Isolation of peripheral blood neutrophils 

Primary neutrophils were extracted from the peripheral blood of 
C57BL/6J mice. The neutrophils were isolated using a mouse neutrophil 
isolation kit (P9201; Solarbio, Beijing, China) as per the manufacturer’s 
protocols. 

3.4. Phalloidin F-actin staining 

Actin filaments were stained using Alexa Fluor 488-conjugated 
phalloidin (Invitrogen, Carlsbad, CA USA). Phalloidin-stabilized mi
crofilaments were captured under a fluorescence microscope (Optithot, 
Nikon). 

3.5. Statistical analysis 

Two groups were compared using Student’s t-tests. One-way analysis 
of variance (ANOVA) was performed to compare more than two groups. 
The survival curve was analyzed using the Kaplan-Meier method. 
GraphPad Prism 8.0 and SPSS 12.0 were used to perform all statistical 
analyses. 

4. Results 

4.1. Tim-3 expression is upregulated in the colonic macrophages of IBD 
tissues 

First, we evaluated the role of macrophage Tim-3 in IBD pathogen
esis by measuring its levels in the colonic mucosa of IBD patients. Dual 
immunofluorescence staining affirmed that macrophage Tim-3 was 
expressed at higher levels in patients with IBD that had inflamed colonic 
mucosa than in healthy controls (Fig. 1A). Moreover, tissue expression 
of macrophage Tim-3 positively correlated with disease severity. To 
validate the increase in Tim-3 expression in human macrophages, we 
utilized a single-cell RNA sequencing dataset of colonic tissues from a 

combined healthy, UC, and CD cohort (Fig. S1A). UMAP plots showed 
differential distribution and apparent differences in Tim-3 expression in 
these cell clusters: Tim-3 expression was upregulated in the macro
phages of IBD patients versus controls (Fig. 1B and Fig. S1B). Moreover, 
Gene Expression Omnibus (GEO) datasets showed significant increases 
in Tim-3 mRNA levels in IBD samples compared to healthy individuals 
(Fig. 1C). 

To corroborate these findings, we evaluated Tim-3 expression in 
DSS-induced colitis mice. Dual immunofluorescence staining showed 
that the number of Tim-3 positive macrophages was remarkably 
elevated in colitis colon samples than in controls (Fig. 1D). Collectively, 
these findings demonstrate that Tim-3 expression in macrophages is 
significantly augmented in the colonic tissues impacted by colitis. 

4.2. Tim-3 in macrophages protects mice from DSS-induced colitis 

Next, we crossed Tim-3fl/fl mice with Lys M-Cre mice to generate 
macrophage-specific Tim-3-deficient (Tim-3M− KO) mice. The DSS was 
utilized to induce colitis in WT as well as Tim-3M− KO mice (Fig. 2A). We 
first challenged WT and Tim-3M− KO mice with 4 % DSS in drinking water 
to determine the survival rates. Tim-3M− KO mice had a significantly 
diminished survival rate compared with control mice, which affirms that 
macrophage Tim-3 plays a protective function in colitis (Fig. 2B). 
Moreover, to generate an experimental colitis model, mice were 
administered 3 % DSS in drinking water. Tim-3M− KO mice exhibited 
higher disease activity than DSS-treated WT mice (Fig. 2C). Consistent 
with clinical scores, Tim-3M− KO mice also displayed shorter colons and 
moderate splenomegaly (Fig. 2D and E). The colons of Tim-3M− KO mice 
also exhibited inflammatory features, such as inflammation severity, 
ulceration/erosion extension, and crypt disarray (Fig. 2F). Immunoflu
orescence staining was used to assess the knockdown efficiency of Tim-3 
in macrophages. A significant decrease in Tim-3 expression was 
observed in the colonic macrophages from Tim-3M− KO mice (Fig. 2G), 
confirming successful knockout. These data suggest that Tim-3 is 
induced in macrophages in response to DSS colitis and protects against 
intestinal damage. 

4.3. Macrophage Tim-3 deficiency aggravates inflammation and M1 
polarization in the colon 

As Tim-3M− KO mice exhibit marked colitis, we examined the 
expression of inflammatory molecules. qRT-PCR analysis revealed a 
significant increase of proinflammatory mediators (TNF-α, IL-1β, and IL- 
6) and chemokines (CCL2, CCL3, CCL4, CXCL1, and CXCL2) in DSS- 
treated Tim-3M− KO mice (Fig. 3A). We next quantified M1 macro
phages in colonic slices and found that CD86 and iNOS staining was 
significantly stronger in the colonic tissue of Tim-3M− KO mice (Fig. 3C 
and D). Macrophage Tim-3 deficiency could enhance the polarization of 

Fig. 2. Tim-3 in macrophages protects mice from acute colitis. 
(A) Summary of the experimental protocol for experimental colitis in wild-type (WT) and macrophage-specific Tim-3 deletion (Tim-3M− KO) mice. (B) WT and Tim- 
3M− KO mice’s relative survival rate. n = 7 for each group. The survival curve was generated utilizing the Kaplan-Meier approach and compared using the log-rank 
test. (C–F) WT and Tim-3M− KO mice were fed with 3 % DSS for 7 days. n = 7 mice per group. (C) The mouse disease activity index (DAI) was documented daily. (D) 
The colony length and (E) spleen weight of each mouse was evaluated. Representative pictures were taken on day 8. (F) An H&E staining representative diagram of 
the entire colonic intestine and colon cross-sections. Histological analysis of the colon tissue. Scale bars: 1000 μm. (G) Immunofluorescence staining confirming 
successful knockdown of Tim-3 in macrophages. n = 6 mice per group. Scale bars: 50 μm. Data are presented as mean ± SD except those in Fig. 2C, which were 
presented as mean ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001 versus WT colitis mice; ####P < 0.0001 versus WT control mice; ns, no significance. 
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Fig. 3. Macrophage Tim-3 deficiency aggravates inflammation and M1 polarization in the colon. 
(A, B) qRT-PCR examination of proinflammatory molecule expression in mouse colonic tissue isolated from WT and Tim-3M− KO mice with or without DSS treatment. 
n = 7 mice per group. (C–E) Immunohistochemical staining of M1 macrophage markers (CD86 and iNOS) and Th2 cell marker (GATA3) in colonic tissues. n = 7 mice 
per group. Scale bars: 500 μm. (F–G) Immunofluorescence staining of F4/80 and Ly6G in colon tissues (n = 7). Scale bars: 500 μm. Data are presented as the mean ±
SD. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT colitis mice; ###P < 0.001, ####P < 0.0001 versus WT control mice; ns, no significance. 
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macrophages toward a pro-inflammatory M1 phenotype. Furthermore, 
Th2 cells have been previously identified as the dominant T helper cell 
subset involved in UC [34]. Fig. 3E shows that Tim-3M− KO mice 
exhibited increased GATA3—a key transcriptional regulator in Th2 
cells—expression compared with control colons. These results suggest 
that macrophage Tim-3 deficiency alters intestinal macrophage subsets 
and adaptive immune T cell populations during colitis. We also exam
ined the accumulation of colonic inflammatory cells using F4/80 
(macrophage marker) and Ly6G (neutrophil marker) staining in colonic 
tissues. In comparison to WT mice, macrophage Tim-3 deficiency sub
stantially enhances macrophages as well as neutrophils infiltration in 
the colon during colitis (Fig. 3F and G). 

4.4. Macrophage Tim-3 deficiency promotes necroptosis 

To ascertain if macrophage Tim-3 deficiency is involved in apoptosis 
during colitis, we quantified the number of apoptotic events in the colon 
of WT and Tim-3M− KO mice. However, there was no significant variation 
between the groups in the number of TUNEL-positive cells (Fig. 4A). The 
result excluded a significant contribution of apoptosis in this model. To 
further study macrophage Tim-3 deficiency induced molecular changes, 
we conducted an RNA-Seq analysis. Gene Set Enrichment Analysis 
(GSEA) revealed that the cellular response to tumor necrosis factor 
pathway was significantly enriched in DSS-treated Tim-3M− KO mice 
(Fig. 4B). Tumor necrosis factor triggers necroptosis in response to tissue 
injury and inflammation [35]. RIP1, RIP3, and MLKL are key factors that 
trigger necroptosis, and their activation generally involves phosphory
lation and translocation to the membrane [36]. When p-MLKL oligomers 
translocate to the cell membrane, the intracellular osmotic pressure 
increases, leading to membrane rupture [37]. Therefore, we examined 
necroptosis in the colon via immunohistochemistry and immunofluo
rescence. DSS-treated Tim-3M− KO mice upregulated the expression of 
p-RIP1, p-RIP3, and p-MLKL (Fig. 4C). Tim-3M− KO mice also showed a 
greater propensity to translocate p-MLKL from the cytoplasm to the 
plasma membrane (Fig. 4D). This result was confirmed via Western blot 
analysis of core necroptosis-related factors (Fig. 4E). Collectively, the 
results indicate that macrophage-specific Tim-3 deficiency induces in
testinal necroptosis. 

4.5. Pharmacological inhibition of RIP1 or RIP3 alleviates colitis in Tim- 
3M− KO mice 

Tim-3 ablation in macrophages contributes to aggravated colitis due 
to excessive necroptosis. Nec-1 (a RIP1 kinase activity-related chemical 
inhibitor) and GSK-872 (a chemical inhibitor of RIP3 kinase activity) are 
potent and specific necroptosis inhibitors and were, therefore, used to 
assess whether necroptosis actively contributes to excessive colitis 

(Fig. 5A). The colitis was attenuated in Tim-3M− KO mice treated with 
Nec-1 or GSK-872 (Fig. S2A). The Tim-3M− KO mice treated with drugs 
also showed histological recovery with less epithelial damage less in
flammatory infiltration, and increased colon length (Fig. 5B and 
Fig. S2B). Daily treatment consistently reduced neutrophil infiltration 
and cytokine production (Fig. 5C and Fig. S2C). In addition, Nec-1 or 
GSK-872 treatment substantially attenuated DSS-induced phosphoryla
tion of RIP1, RIP3, and MLKL in Tim-3M− KO mice (Fig. 5D). Together, 
these data affirm that necroptosis activation contributes to excessive 
colitis in Tim-3M− KO mice. 

4.6. Tim-3 deficient macrophages increase neutrophil necroptosis 

The histopathological feature predominant in IBD is the infiltration 
of acute and chronic inflammatory cells, including macrophages, neu
trophils, and T cells [38–42]. We found that p-RIP1, p-RIP3, and p-MLKL 
levels in inflammatory cells were higher than those in glandular cells 
(Fig. 4C). A significant decrease in p-RIP1/p-RIP3/p-MLKL in inflam
matory cells was observed in Tim-3M− KO mice administered with Nec-1 
or GSK-872 (Fig. 5D). Double-immunofluorescence staining for p-MLKL, 
and F4/80, Ly6G or CD3, confirmed that p-MLKL was expressed pre
dominantly by Ly6G+ neutrophils after Tim-3 knockdown in macro
phages (Fig. 6A, B and C). Thus, we postulated that Tim-3 deficient 
macrophages increase neutrophil necroptosis. 

Previous reports have indicated that macrophages recruit neutro
phils by secreting chemokines [29]. IL-8 acts as a chemoattractant for 
neutrophils during inflammation [43,44]. Meanwhile, the expression of 
CXCR1 and/or CXCR2 on neutrophil surfaces is directly linked to 
neutrophil migration [29]. Therefore, we examined IL-8, CXCR1, and 
CXCR2 expression in mouse colonic mucosa. The inflammatory cyto
kines were upregulated in Tim-3M− KO mice treated with DSS (Fig. 6D). 
Moreover, the expression of myeloperoxidase (MPO)—an antimicrobial 
enzyme that is expressed abundantly in neutrophils—was higher in 
Tim-3M− KO mice than in WT colonic tissues (Fig. 6E), indicating the 
increased presence or activation of neutrophils in Tim-3M− KO mice. This 
result suggests that Tim-3M− KO mice had a greatly increased propensity 
to develop colitis compared with their WT mice. GSEA also supports the 
functional role of the neutrophil chemotaxis pathway (Fig. 6F). There
fore, based on the results of this study and those of previous studies, we 
speculate that neutrophils are recruited to inflammatory sites by che
mokines released from Tim-3 knockdown macrophages and further 
trigger necroptosis. 

4.7. Tim-3 deficient macrophages induce neutrophil chemotaxis and 
trigger necroptosis 

To better understand how Tim-3 deficient macrophage-neutrophil 

Fig. 4. Macrophage Tim-3 deficiency promotes necroptosis. 
(A) TUNEL staining representative images (green, TUNEL-positive staining; blue, DAPI). n = 7 mice per group. Scale bars: 50 μm. (B) Gene Set Enrichment Analysis 
(GSEA) of colonic differentially expressed genes (DEGs) between DSS-treated WT and Tim-3M− KO mice using RNA-seq analysis (n = 3). GSEA suggested significant 
enrichment of the cellular response to tumor necrosis factor pathway (n = 3). (C) Immunohistochemical staining of p-RIP1, p-RIP3, and p-MLKL in colonic tissues. 
Quantification of the relative number of positive cells is shown in the graph below (n = 7). Scale bars: 500 μm. (D) Immunofluorescence staining of p-MLKL in the 
colonic tissues (n = 7). Scale bars: 50 μm. (E) Western blot analysis of p-RIP1, p-RIP3, and p-MLKL protein levels, and quantitative analyses were performed using 
ImageJ (n = 5 for each group). Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus WT colitis mice; #P < 0.05, 
####P < 0.0001 versus WT control mice; ns, no significance. 
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Fig. 5. Pharmacological inhibition of RIP1 or RIP3 alleviates colitis in macrophage Tim-3 deficient mice. 
(A) An illustration of the study design. Mice were intraperitoneally treated with either the vehicle control, Nec-1 (5 mg/kg/day), or GSK-872 (10 mg/kg/day) 
throughout the entire experimental period. n = 7 mice per group. (B) H&E staining representative diagram of colon cross-sections. Histological analysis of the colon 
tissue. Scale bars: 1000 μm. n = 7 mice per group. (C) Immunofluorescence staining of Ly6G in colon tissues (n = 7). Scale bars: 500 μm. (D) Immunohistochemical 
staining of p-RIP1, p-RIP3, and p-MLKL in colonic tissues from DSS-treated mice with or without Nec-1 or GSK-872 administration on day 7. The quantification of the 
relative number of positive cells is shown in the graph below (n = 7). Scale bars: 500 μm. Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001 versus WT colitis mice; ns, no significance versus WT colitis mice treated with pharmacological inhibitors. 
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Fig. 6. Tim-3 deficient macrophages increase neutrophil necroptosis. 
(A) Dual-label immunofluorescence of colonic tissues of WT and Tim-3M− KO mice using F4/80 (red) and p-MLKL (green) antibodies (n = 7). Scale bars: 50 μm. (B) 
Dual-label immunofluorescence for Ly6G (red) and p-MLKL (green) (n = 7). Scale bars: 50 μm. (C) Dual-label immunofluorescence for CD3 (red) and p-MLKL (green) 
(n = 7). Scale bars: 50 μm. (D) qRT-PCR analysis of IL8, CXCR1, and CXCR2 expression in the colons of WT and Tim-3M− KO mice. n = 7 mice per group. (E) 
Immunohistochemical staining of MPO in colon tissues of WT and Tim-3M− KO mice. n = 7 mice per group. Scale bars: 500 μm. (F) GSEA analysis suggested substantial 
enrichment of the neutrophil chemotaxis pathway (n = 3). Data are presented as the mean ± SD. **P < 0.01, ***P < 0.001, ****P < 0.0001, versus WT colitis mice; 
ns, no significance; ##P < 0.01, ###P < 0.001, ####P < 0.0001, versus WT control mice. 
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interactions occur, we performed a coculture experiment (Fig. 7A). HL- 
60 cells were exposed to DMSO for six days to differentiate into 
neutrophil-like cells [45]. As indicated by the increased CD11b expres
sion, DMSO treatment induced HL-60 differentiation (Fig. 7B). THP-1 
cells were subjected to differentiation into macrophages via PMA and 
cultured with LPS to simulate in vivo inflammatory microenvironment in 
patients with UC. Transwell assays revealed that Tim-3 knockdown 
(ShTim-3) macrophages enhanced the migration of HL-60 cells 
compared to negative control cells (Fig. 7C). Phalloidin staining showed 
that Tim-3 knockdown-induced F-actin polymerization in HL-60 cells 
(Fig. 7D). Since HL-60 cells are a transformed cell line, we repeated the 
experiment with peripheral blood murine neutrophils. WT and 
Tim-3M− KO mouse whole blood were collected after 7 days of DSS 
treatment. Peripheral blood neutrophils stained with phalloidin yielded 
similar results (Fig. 7E). 

To further explain the macrophage-neutrophil interaction mecha
nisms, the LPS-treated THP-1 cell culture supernatant was collected and 
added to HL-60 cell cultures (Fig. 7F). Following stimulation for 4 h, HL- 
60 cells were harvested for transmission electron microscopy (TEM) 
analyses. TEM images revealed exacerbated subcellular features of 
necrosis-like swelling and plasma membrane discontinuation of HL-60 
cells treated with the supernatant from Tim-3 knockdown macrophages 
(Fig. 7G). HL-60 cells pretreated in the presence or absence of Nec-1 or 
GSK-872 were also collected for qRT-PCR assay. HL-60 cells treated with 
the supernatant from Tim-3 knockdown macrophages exhibited signif
icantly increased CXCR1 and CXCR2 expression compared with the 
negative control; the RIP1 or RIP3 inhibitor significantly downregulated 
their expression (Fig. 7H). The HL-60 cells were also harvested for 
immunofluorescence. HL-60 cells treated with culture supernatant from 
Tim-3 knockdown macrophages produced more p-MLKL protein 
compared with the negative control (Fig. 7I). Following treatment with 
Nec-1 or GSK-872, no substantial differences were observed between 
groups. 

To further confirm the role of the macrophage-secreted factor(s), the 
cell supernatant of macrophages was extracted, and ELISA was per
formed to study the paracrine effect. TNF-α is the classical initiator of 
necroptosis through TNF-α/RIP1/RIP3/MLKL signaling [19]. IL-8 is a 
chemotactic factor that guides the neutrophils to inflammation sites 
[44]. Significantly elevated TNF-α and IL-8 levels were observed in cell 
supernatants from Tim-3 knockdown macrophages (Fig. 8A). To deter
mine whether neutrophil necroptosis is dependent on TNF-α and IL-8 
secretion in Tim-3 knockdown macrophages, we antagonized TNF-α 
and IL-8 via the administration of neutralizing antibodies. Media from 
Tim-3 knockdown macrophages, induced neutrophil necroptosis, which 

was completely blocked by TNF-α antibodies (Fig. 8B). This indicates a 
direct effect of TNF-α on neutrophil necroptosis. We next assessed 
whether Tim-3 knockdown macrophages induce neutrophils chemotaxis 
via activation of the IL-8. As expected, the neutralizing IL-8 antibodies 
inhibited the chemotaxis of neutrophils co-cultured with Tim-3 knock
down macrophages (Fig. 8C). To further confirm the role of TNF-α in 
neutrophil necroptosis, we treated HL-60 cells with recombinant human 
TNF-α. The p-RIP1, p-RIP3, and p-MLKL protein expression increased 
with increasing TNF-α concentrations in a concentration-dependent 
manner (Fig. 8D). HL-60 cells treated with recombinant human TNF-α 
produced more p-MLKL protein compared with the negative control 
(Fig. 8E). Following treatment with Nec-1 or GSK-872, no substantial 
differences were observed between groups. To test this hypothesis, we 
analyzed the TNF-α and IL-8 expression level on macrophages in the 
Tim-3M− KO mice. Double-immunofluorescence staining for F4/80, and 
TNF-α or IL-8, confirmed that TNF-α and IL-8 were expressed predom
inantly in Tim-3 knockdown macrophages (Fig. 8F and G). These results 
show that Tim-3 knockdown macrophages induce neutrophil chemo
taxis via the release of IL-8 and trigger neutrophil necroptosis by TNF-α 
release. 

4.8. Macrophage Tim-3 inhibits inflammatory responses via 
downregulating TLR4/NF-κB signaling pathway 

We continued to explore the molecular mechanisms in Tim-3 
knockdown macrophages. Tim-3 determines the severity of inflamma
tion in mice in a TLR4-dependent manner [46–48]. The release of in
flammatory cytokines and chemokines, such as IL-6, IL-8, TNF-α, and 
CCL2, is a widely recognized consequence of NF-κB activation [49,50]. 
We hypothesized that macrophage Tim-3 inhibits inflammatory re
sponses via TLR4/NF-κB signaling pathway. Western blot analysis 
showed that the expression level of TLR4 and phosphorylation of p65 
were significantly elevated in Tim-3 knockdown macrophages following 
LPS treatment (Fig. 9A). The findings from immunofluorescence staining 
with TLR4 and phosphorylation of p65 were consistent with those of the 
Western blot assay (Fig. 9B and C). 

To further demonstrate that the TLR4/NF-κB signaling pathway is 
engaged by macrophage Tim-3, we made use of the TLR4-specific in
hibitor TAK-242 and NF-κB-specific inhibitor BAY11-7082, respectively. 
As expected, the pro-inflammatory cytokines (TNF-α and IL-8) were 
downregulated in Tim-3 knockdown macrophages treated with in
hibitors, further indicating that macrophage Tim-3 inhibited inflam
mation via the TLR4/NF-κB signaling pathway (Fig. 9D). The 
supernatants of each group were harvested and added to HL-60 cells. We 

Fig. 7. Tim-3 deficient macrophages induce neutrophil chemotaxis and trigger necroptosis. 
(A) Schematic of in vitro co-culture experiments. (B) qRT-PCR analysis of CD11B mRNA in DMSO-treated HL-60 cells (n = 3). (C) Neutrophil migration with crystal 
violet induced by control (Scr) and Tim-3 knockdown (ShTim-3) THP-1 cells (n = 6 for each group). Scale bars: 500 μm. (D) Phalloidin staining of the actin 
cytoskeleton in HL-60 cells. HL-60 cells were co-cultured directly with Scr or ShTim-3 THP-1 cells. The bar charts show the average fluorescence intensity of 
phalloidin (n = 3 for each group). Scale bars: 20 μm. (E) Phalloidin staining of the actin cytoskeleton in peripheral blood of murine neutrophils. Peripheral blood 
neutrophils were collected from WT and Tim-3M− KO mice on day 8 following DSS administration. The bar charts show the average fluorescence intensity of phalloidin 
(n = 6 for each group). Scale bars: 20 μm. (F) Study design. THP-1 cells were incubated with LPS. The supernatant of Scr or ShTim-3 THP-1 cells was harvested and 
added to HL-60 cells. The HL-60 cells underwent pretreatment with the RIP1 inhibitor (30 μM Nec-1) or RIP3 inhibitor (50 μM GSK-872) for 30 min (n = 3). (G) TEM 
images showing the typical morphology of necroptosis in HL-60 cells treated with the supernatant from Tim-3 knockdown macrophages. Scale bar, 2 μm (overview) 
and 1 μm (magnification). (H) qRT-PCR results of CXCR1 and CXCR2 in HL-60 cells. (I) Representative images of the immunofluorescence assay results for anti-p- 
MLKL (green) and DAPI (blue) staining, and quantitative analyses were performed using ImageJ (n = 3). Data are presented as the mean ± SD. *P < 0.05, ***P <
0.001, ****P < 0.0001; ##P < 0.01, ###P < 0.001, ####P < 0.0001; ns, no significance. 
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stained HL-60 cells with phalloidin and found that the amount of 
rhodamine phalloidin-labeled F-actin was significantly decreased in the 
presence of both inhibitors (Fig. 9E). Moreover, both inhibitors abol
ished Tim-3 knockdown macrophages-induced necroptosis in neutro
phils (Fig. 9F). 

To clarify the effects of TLR4/NF-κB on Tim-3 knockdown macro
phages in terms of functional properties, Scr or Tim-3 knockdown 
(ShTim-3) macrophages were seeded into the upper chamber of Trans
well chambers; the results showed that TLR4 or NF-κB p65 inhibitor 
attenuates THP-1 Transwell migration capacity (Fig. 9G). Furthermore, 
Tim-3 ablation increased CCL2, CCL3, CCL4, CXCL1, and CXCL2 
expression of macrophages when stimulated with LPS in vitro, consistent 
with the findings described in Fig. 3 (Fig. 9H). Both inhibitors 
completely blocked the upregulation of the chemokines. The results 
suggest that Tim-3 deficiency, specifically in macrophages, facilitates 
the expression of many chemokines and cytokines via upregulating 
TLR4/NF-κB signaling pathway. 

4.9. ROS plays a critical role in macrophage Tim-3 deficiency-mediated 
necroptosis 

Currently, it is uncertain whether ROS is an incidental byproduct or 
an essential factor in TNF-induced necroptosis. ROS production was 
associated with necroptosis and directly correlates with the expression 
of inflammatory signaling molecules, such as COX2 [51,52]. A sub
stantial increase of COX2 protein expression was noted in Tim-3M− KO 

mice (Fig. S3A). The analysis of ROS levels revealed a significant in
crease of ROS levels in Tim-3M− KO mice as compared to WT mice 
(Fig. 10A). Nec-1 or GSK-872 could block ROS accumulation by sup
pressing necroptosis. To reveal the role of ROS in neutrophil necroptosis, 
the ROS levels in HL-60 cells were detected. Both, the supernatants of 
THP-1 macrophages and TNF-α trigger ROS production (Fig. 10B and 
Fig. S3B). The supernatants of Tim-3 knockdown macrophages signifi
cantly induced the ROS generation of HL-60 cells (Fig. 10B). RIP1 or 
RIP3 inhibition significantly decreased cellular ROS accumulation. 
These findings demonstrate that necroptosis induces the accumulation 
of intracellular ROS. To further demonstrate the function of ROS in 
Tim-3 knockdown macrophages, we conducted in vitro experiments 
using THP-1 cells. Upon LPS stimulation, ROS generation increased 
considerably in ShTim-3 cells (Fig. 10C). Furthermore, we observed that 
pretreatment with the TLR4 or NF-κB p65 inhibitor significantly 
decreased the amount of ROS (Fig. 10D). This results further confirms 
that Tim-3 suppressed inflammation by inhibiting TLR4/NF-κB 
signaling pathway. 

To determine whether Tim-3 knockdown macrophages drive 
neutrophil necroptosis via ROS signaling or regulates necroptosis inde
pendently, we utilized the ROS scavenger N-acetyl-cysteine (NAC) to 
chelate ROS (Fig. 10E). Histological scores did not reveal noticeable 
differences in the colon of both WT and Tim-3M− KO mice (Fig. 10F). The 
colon length and disease severity score were also not remarkably varied 
between the groups (Fig. 10G and H). Moreover, NAC treatment sub
stantially reduced DSS-induced phosphorylation of RIP1, RIP3, and 
MLKL in Tim-3M− KO mice (Fig. 10I). By performing immunofluorescence 
experiments, we found that p-MLKL was reduced in HL-60 cells pre
treated with NAC (Fig. S3C). Note that in Tim-3 knockdown cells, the p- 
MLKL level was significantly downregulated in responding to NAC 
treatment (Fig. 10J). Therefore, it appears that macrophage Tim-3 reg
ulates neutrophil necroptosis via an intracellular ROS signaling 
mechanism. 

Collectively, these findings infer that ROS plays an important caus
ative role in DSS-treated Tim-3M− KO mice. On the one hand, ROS are 
downstream molecules of necroptosis, which activate necroptosis and 
enhance the pro-inflammatory effects. On the other hand, ROS may act 
as a signal transduction molecule and induce necroptosis. 

4.10. Macrophage Tim-3 maintains the intestinal epithelial barrier by 
inhibiting neutrophil necroptosis 

Considering that intestinal epithelial cells function as a major 
defensive barrier against luminal pathogens, we measured the expres
sion of ZO-1 proteins and found that the expression level was signifi
cantly decreased in the colon of DSS-treated Tim-3M− KO mice (Fig. 11A). 
We also observed a significant increase in tight junction proteins in the 
intestinal mucosa of Tim-3M− KO mice with the administration of Nec-1 
or GSK-872 compared with the vehicle-treated group (Fig. 11B). 

To further study the underlying mechanism, an in vitro cell model 
was employed. Considering that the induction of neutrophil necroptosis 
provokes strong inflammatory responses, we determined whether the 
synergistic effect of Tim-3 knockdown macrophages and neutrophils 
further impairs barrier integrity. As shown in Fig. 11C–a macrophage or 
macrophage-neutrophil culture supernatant was added to the Caco2 
cells. As expected, co-culture supernatant of Tim-3 knockdown macro
phages and neutrophils resulted in more severe intestinal barrier dam
age (Fig. 11D–G). To further verify the substantial role of necroptosis in 
inducing intestinal barrier damage, neutralizing TNF-α antibodies were 
administrated into media from Tim-3 knockdown macrophages. The 
results showed that the decrease in ZO-1 by Tim-3 knockdown macro
phages was abolished by neutralizing TNF-α antibodies (Fig. 11E–H). 

Fig. 8. Tim-3 deficient macrophages induce neutrophil chemotaxis via the release of IL-8 and trigger neutrophil necroptosis by TNF-α release. 
(A) Control (Scr) and Tim-3 knockdown (ShTim-3) THP-1 cells were incubated for 6 h in medium alone or medium containing LPS (400 ng/ml); then the supernatants 
were tested for TNF-α and IL-8 (n = 3). (B) Representative images of p-MLKL+ immunofluorescent staining for HL-60 cells. THP-1 cells were incubated with LPS. The 
supernatant of Scr or ShTim-3 THP-1 cells underwent pretreatment with isotype control or anti-TNF-α antibody and added to HL-60 cells (n = 3). Scale bars: 20 μm. 
(C) qRT-PCR results of CXCR1 and CXCR2 in HL-60 cells. THP-1 cells were incubated with LPS. The supernatant of Scr or ShTim-3 THP-1 cells underwent pre
treatment with isotype control or anti-IL-8 antibody and added to HL-60 cells (n = 3). (D) TNF-α-induced necroptosis upregulation is in a TNF-α dose-dependent 
manner. Necroptosis was stimulated with different doses of TNF-α as indicated. Protein was collected at 4 h after TNF-α stimulation (n = 3). (E) Representative 
images of p-MLKL+ immunofluorescent staining for HL-60 cells. The HL-60 cells underwent pretreatment with the RIP1 inhibitor (30 μM Nec-1) or RIP3 inhibitor (50 
μM GSK-872) for 30 min. Then, HL-60 cells were incubated with TNF-α (50 ng/ml) or PBS (n = 3). Scale bars: 20 μm. (F) Dual-label immunofluorescence of colonic 
tissues of WT and Tim-3M− KO mice using F4/80 (red) and TNF-α (green) antibodies (n = 7). Scale bars: 50 μm. (G) Dual-label immunofluorescence for Ly6G (red) and 
IL-8 (green) (n = 7). Scale bars: 50 μm. Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ###P < 0.001, ####P <
0.0001; ns, no significance. 
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Meanwhile, the decrease in ZO-1 protein due to macrophage Tim-3 
deficiency was increased by Nec-1 or GSK-872 (Fig. 11F–I). These 
findings demonstrate that macrophage Tim-3 maintains the intestinal 
epithelial barrier via downregulating neutrophil necroptosis. 

Necroptosis may lead to rapid plasma membrane permeabilization 
and exposure of danger associated molecular patterns proteins (DAMPs), 
resulting in intestinal inflammation and immune injury [20,53–55]. 
HMGB1 has been reported as a major DAMP released during necroptosis 
[56–58]. ELISA was conducted to detect the HMGB1 protein level in the 
macrophage or macrophage-neutrophil culture supernatant. We 
observed a significant increase in HMGB1 proteins in the co-culture 
supernatant of Tim-3 knockdown macrophages and neutrophils 
(Fig. 11J and K). Compared with the negative controls, the Tim-3 
knockdown cells displayed higher levels of HMGB1 protein than NC 
cells, which experienced a reduction by Nec-1, or GSK-872 (Fig. 11H). 
The results demonstrate an important role of necroptosis-released 
DAMPs in disrupting the intestinal epithelial barrier. Collectively, our 
data proved that Tim-3 knockdown macrophages and neutrophils share 
cooperative effector activities during inflammation, which may amplify 
the inflammatory response, contributing to gut barrier disruption. 

5. Discussion 

In this study, we examined the roles of macrophage Tim-3 in 
experimental colitis using macrophage Tim-3 deficiency mice. The 
functional impacts and underlying mechanisms of Tim-3 in macrophage- 
linked inflammation were examined both in vivo and in vitro. This study 
is the first to provide evidence of macrophage Tim-3 alleviating colitis 
by inhibiting neutrophil necroptosis. The principal findings of this study 
are as follows: (1) Tim-3 expression in macrophages is upregulated in 
IBD tissue; (2) macrophage Tim-3 deficiency promotes M1 polarization, 
increases pro-inflammatory mediator expression and macrophage/ 
neutrophil recruitment, and exacerbates colitis; (3) macrophage Tim-3 
deficiency promotes colon inflammation by upregulating necroptosis 
signaling; (4) Tim-3 deficient macrophages induce neutrophil recruit
ment and trigger necroptosis; (5) macrophage Tim-3 inhibits down
stream signaling pathways via downregulating TLR4/NF-κB signaling 
pathway; (6) macrophage Tim-3 maintains intestinal epithelial barrier 
by reducing necroptosis-released HMGB1. Collectively, our findings 
affirm the significance of macrophage Tim-3 as a critical modulator of 
neutrophil necroptosis in colitis. 

Tim-3 functions as a checkpoint for the activation of T cells and is 
involved in the regulation of cytokine release, apoptotic body capture, 
and cell activation, facilitating the progression of many diseases [59, 
60]. Although the function of Tim-3 in T cells has been demonstrated 
[61,62], the mechanism of macrophage Tim-3 remains ambiguous and 
requires further study. To date, there have been several reports of Tim-3 

in patients with IBD [63–65]. Our previous study also highlighted the 
involvement of Tim-3 in IBD [46]. Overall, all data indicate that Tim-3 
plays a protective role in IBD. However, reports on Tim-3 expression 
were inconsistent in IBD patients. To characterize macrophage Tim-3 
expression in experimental colitis and patients with IBD, we per
formed a series of experiments. 

Although macrophage Tim-3 is not abundant in the colonic mucosa, 
it plays an important role as a signaling molecule. Macrophages are 
essential innate immune cells that engage in the development of UC at 
different activation levels and polarization states [66–68]. Macrophages 
are also central regulators of T-cell activation; therefore, targeting 
macrophages to suppress inflammatory reactions may provide an 
attractive therapeutic option for patients with UC [69]. UC is linked to 
chronic inflammation, which may result from an aberrant immune 
response toward intestinal microbiota and/or food antigens [16]. 
Generally, it is accepted that UC is linked to the Th2 pattern of inflam
mation, with the intestinal flora suspected to play an important role [34, 
70]. That is, the intestinal macrophages exhibit an immune response 
that depends on the gut microbiota, affecting macrophage polarization 
[71]. Therefore, we characterized the function and mechanism of action 
of macrophage Tim-3 in patients with UC. In this study, we affirmed an 
increase in GATA3 and MPO expression in Tim-3M− KO mice without DSS 
treatment. This indicated that Tim-3M− KO mice had a greatly increased 
propensity to develop colitis compared with WT mice. 

Next, we determined how macrophage Tim-3 activates the down
stream signal pathway in colitis. Previous studies proposed Tim-3 as a 
modulator of pro-as well as anti-inflammatory innate immune re
sponses. For instance, Yang et al. reported that upregulated Tim-3 
expression levels in macrophages substantially suppress TLR4- 
mediated NF-κB activation and pro-inflammatory cytokine secretion 
[47]. We have previously reported that Tim-3 is closely associated with 
the TLR4/NF-κB signaling pathway. In the present study, macrophage 
Tim-3 deficiency increased expression of TLR4/NF-κB upregulated in
flammatory cytokines (e.g., TNF-α and IL-8) and chemokines, and 
enhanced migratory capacity, leading to excessive inflammatory im
mune responses. Our results, for the first time, illustrate that macro
phage Tim-3 suppresses the migratory capacity of macrophages via 
downregulation of the TLR4/NF-κB signaling pathway. 

To further elucidate the mechanism of how Tim-3 deficiency mac
rophages affect inflammatory response, we conducted RNA sequencing. 
In the pathway enrichment, the tumor necrosis factor pathway was 
significantly enriched in DSS-treated Tim-3M− KO mice. In the present 
study, TNF-α expression was significantly induced in Tim-3 knockdown 
macrophages. In macrophages, TNF-α can trigger the production of TNF- 
α itself and IL-1β [72]; therefore, we focused on the interrelation be
tween Tim-3 and TNF-α. High concentrations of cytokines (e.g., TNF-α), 
oxidative stress, the FAS ligand activation pathway, and endoplasmic 

Fig. 9. Macrophage Tim-3 inhibits inflammatory responses via downregulating TLR4/NF-κB signaling pathway 
(A-C) Control (Scr) and Tim-3 knockdown (ShTim-3) THP-1 cells were incubated in medium alone or medium containing LPS (400 ng/ml); then cells were collected 
at 6 h (n = 3). (A) Western blot analysis of p–NF–κB, TLR4, and β-actin from Scr or ShTim-3 THP-1 cells. (B, C) Representative immunofluorescence images stained 
for p–NF–κB and TLR4 (n = 3). Scale bars: 50 μm. (D–H) Scr and ShTim-3 THP-1 cells were incubated with LPS for 6 h. The THP-1 cells underwent pretreatment with 
the NF-κB inhibitor (50 μM BAY11-7082) or TLR4 inhibitor (50 μM TAK-242) for 30 min. The supernatant of THP-1 cells was harvested and added to HL-60 cells (n =
3). (D) The supernatants of THP-1 cells were tested for TNF-α and IL-8. (E) Phalloidin staining of the actin cytoskeleton in HL-60 cells (n = 3 for each group). Scale 
bars: 20 μm. (F) Representative immunofluorescence images stained for p-MLKL in HL-60 cells (n = 3 for each group). Scale bars: 20 μm. (G) Representative images of 
Scr and ShTim-3 THP-1 cells transwell migration (n = 3). Scale bars: 500 μm. (H) qRT-PCR results of CCL2, CCL3, CCL4, CXCL1 and CXCL2 in Scr and ShTim-3 THP-1 
cells (n = 3 for each group). Data are presented as the mean ± SD. *P < 0.05, **P < 0.01; #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001; ns, no 
significance. 
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reticulum stress can lead to necroptosis [73,74]. Due to external stimuli 
and challenges, the intestinal tract undergoes programmed death pro
cesses other than apoptosis, such as necroptosis, autophagy, pyroptosis, 
and ferroptosis [75]. Routinely utilized TUNEL assays detected frag
mented DNA linked to apoptotic cells [76]. Contrastingly, no significant 
difference was observed between the Tim-3M− KO and WT groups. Based 
on our results and related literature, we speculate that macrophage 
Tim-3 can affect the inflammatory response by reducing TNF-α 
secretion. 

This study, to the best of our knowledge, for the first time reported 
the necroptosis role of neutrophils in IBD. We speculate that the TNF-α is 
an important media of communication between Tim-3 knockdown 
macrophages and neutrophil necroptosis. It has been shown that 
neutrophil necroptosis is triggered by the stimulation of TNF-α, the 
ligation of adhesion receptors, the exposure to monosodium urate (MSU) 
crystals, or the phagocytosis of Staphylococcus aureus [77]. A previous 
study has examined the induction of necroptosis and found that 
neutrophil migration to inflammatory sites activates the RIP3-MLKL 
pathway [78]. Macrophages and neutrophils are important partners in 
innate immunity, hence, understanding macrophage–neutrophil in
teractions will provide insight into the regulation of IBD [79]. Neutro
phil cryptitis and crypt abscesses are key pathogenic events in UC [80]. 
Impairment of the function of the intestinal barrier can predispose the 
immune cells in the lamina propria to enteric bacteria, which can pro
mote neutrophil accumulation and consequently induce inflammation 
[81]. Herein, we discovered that treatment with Nec-1 or GSK-872 
effectively attenuates gut inflammation. A double immunofluorescence 
experiment was conducted to demonstrate that necroptosis primarily 
occurs in neutrophils after Tim-3 knockdown in macrophages. Thus, 
macrophage Tim-3 is a critical regulator of inflammatory responses in 
neutrophils. 

An important finding of this study is the high level of ROS in DSS- 
treated Tim-3M− KO mice. Du et al. demonstrated that Tim-3 is a cen
tral negative modulator of ROS as well as inflammation in macrophages, 
alleviating hepatic injury in nonalcoholic steatohepatitis (NASH) mice 
[82]. Numerous studies have revealed that TLR4/NF-κB signaling 
pathway plays a key role in mediating ROS production [83–86]. In the 
present study, we found that macrophage Tim-3 decreased ROS via 
TLR4/NF-κB signaling pathway. The result suggested that macrophage 
Tim-3 may exerted an anti-inflammatory effect through regulating ROS 
generation, which in turn inhibits signaling cascades that avoid the 
release of the inflammatory response factors TNF-α and IL-8. Neutro
phils promote gut inflammation by producing high levels of ROS, impair 
the epithelial barrier, and promote redox-sensitive inflammatory path
ways [5,6]. The phosphorylation of MLKL by RIP1/3 in TNF-induced 
necroptosis was shown to result in the generation of ROS [87]. As a 

result, TNF-induced mitochondrial ROS production was inhibited in 
cells lacking RIP1/3 or MLKL, preventing them from undergoing nec
roptosis [87,88]. Here we discovered treatment with Nec-1 or GSK-872 
effectively reduced the elevated ROS levels of neutrophils. Basit et al. 
reported that ROS is both an upstream activator and a downstream 
target of necroptosis [89]. Some studies have inferred that ROS over
production functions critically in programmed cell death, disrupting cell 
components, enhancing RIP1 autophosphorylation, and triggering nec
roptosis [90,91]. TNF-α regulates the immune system by causing acti
vation of the TNF-α receptors and downstream pathways that involve 
molecules like ROS [92,93]. NAC treatment can promote mitochondrial 
integrity via many mechanisms, maintains the function of mitochondria, 
and reduces ROS synthesis, hence protecting the cells from necroptosis 
[94]. In our study, NAC treatment markedly suppressed necroptosis and 
pro-inflammatory cytokine production in Tim-3M− KO mice, and the re
sults showed that neutrophil necroptosis could be inhibited by NAC. 
Therefore, based on the results of this study and those of previous 
studies, we speculate that ROS play a significant causative role in 
DSS-treated Tim-3M− KO mice. 

Another important finding of this study is the relationship between 
necroptosis and the intestinal epithelial barrier. A compromised mucosal 
barrier and intestinal epithelial damage are pathognomonic of IBD. 
Necroptosis is a programmed cell death pathway that regulates 
inflammation and immune responses through the release of DAMPs [95, 
96]. Released extracellular HMGB1 acts as a DAMPs signal, which is an 
alarming signal, and the released HMGB1 induces a signal cascade and 
promotes the release of several inflammatory factors [21]. HMGB1 and 
B box can increase the permeability of intestinal epithelia and impair the 
intestinal barrier [97]. Both in vitro and in vivo studies demonstrated that 
macrophage Tim-3 can effectively attenuate neutrophil necroptosis and 
inhibit the release of HMGB1 in neutrophil. Based on this, we speculate 
that macrophage Tim-3 maintains the intestinal epithelial barrier by 
inhibiting the generation of HMGB1 in neutrophils. Characterizing the 
neutrophil necroptosis signaling pathway may allow for better control of 
tissue damage or inflammation caused by neutrophil dysfunction. 

To the best of our knowledge, this study is the first to demonstrate 
the involvement of macrophages in modulating necroptosis of neutro
phils. Although these findings are novel, this study has some limitations. 
Our data suggest that HMGB1 release by neutrophils could severely 
disrupt the intestinal mucosal barrier in DSS-treated Tim-3M− KO mice. 
The mechanisms underlying the interplay of necroptosis neutrophils and 
intestinal epithelial cells are complex and not completely resolved. 
Further studies are therefore required to elucidate the precise stimula
tory mechanisms. 

In conclusion, this study showed that Tim-3 knockdown macro
phages release chemokines that attract neutrophils and, subsequently, 

Fig. 10. ROS plays a critical role in macrophage Tim-3 deficiency-mediated necroptosis. 
(A) DHE staining to evaluate ROS levels in colonic tissues of WT and Tim-3M− KO mice (n = 6 for each group). Scale bars: 500 μm. (B–D) Representative pictures of 
ROS levels in the HL-60 cells (B) and THP-1 cells (C, D). Intracellular ROS levels were examined using DHE staining (n = 3). Scale bars: 1000 μm. (E) Study design of 
the experiment. Mice were intraperitoneally treated with either the vehicle control or N-Acetyl-Cysteine (NAC) (100 mg/kg/day) throughout the entire experimental 
period. n = 7 mice per group. (F) Representative diagram for the H&E staining of colon cross-sections. Histological analysis of the colon tissue. Scale bars: 1000 μm. n 
= 7 mice per group. (G) Representative images of mouse colons. n = 7 mice per group. (H) DAI of mice was documented daily. n = 7 mice per group. (I) Immu
nohistochemical staining of p-RIP1, p-RIP3, and p-MLKL in colonic tissues from DSS-treated mice with or without NAC administration. The quantification of the 
relative number of positive cells is shown in the graph below (n = 7). Scale bars: 500 μm. (J) Representative image of the immunofluorescence assay result for anti-p- 
MLKL (green) and DAPI (blue) staining, and quantitative analyses were performed using ImageJ (n = 3). Data are presented as mean ± SD except for those in 
Fig. 10H, which are presented as mean ± SEM. *P < 0.05, **P < 0.01; ##P < 0.01, ###P < 0.001, ####P < 0.0001; ns, no significance. 
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secrete TNF-α to induce neutrophil necroptosis. These findings provide 
novel insights into the pathophysiology of UC and the function of Tim-3 
in mediating interactions between macrophages and neutrophils. 
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necrotic cell death of macrophages: focus on pyroptosis, necroptosis, and 
parthanatos, Redox Biol. 26 (2019) 101239, https://doi.org/10.1016/j. 
redox.2019.101239. 

[76] D.T. Loo, In situ detection of apoptosis by the TUNEL assay: an overview of 
techniques, Methods Mol. Biol. 682 (2011) 3–13, https://doi.org/10.1007/978-1- 
60327-409-8_1. 

[77] X. Wang, S. Yousefi, H.U. Simon, Necroptosis and neutrophil-associated disorders, 
Cell Death Dis. 9 (2) (2018) 111, https://doi.org/10.1038/s41419-017-0058-8. 

[78] X. Wang, Z. He, H. Liu, S. Yousefi, H.U. Simon, Neutrophil necroptosis is triggered 
by ligation of adhesion molecules following GM-CSF priming, J. Immunol. 197 (10) 
(2016) 4090–4100, https://doi.org/10.4049/jimmunol.1600051. 

[79] C. Schulz, T. Petzold, H. Ishikawa-Ankerhold, Macrophage regulation of 
granulopoiesis and neutrophil functions, Antioxidants Redox Signal. 35 (3) (2021) 
182–191, https://doi.org/10.1089/ars.2020.8203. 

[80] K. Geboes, R. Riddell, A. Ost, B. Jensfelt, T. Persson, R. Löfberg, A reproducible 
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