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Abstract
Background Numerous biological interventions and small molecules are used to treat Crohn’s disease; however, the effec-
tiveness of these treatments varies largely. Non-responsiveness to biological therapies is associated with interleukin (IL)-18 
gene polymorphisms and high IL-18 expression has been implicated in the pathogenesis of Crohn’s disease.
Aims The aim of this study was to elucidate the expression of precursor and mature IL-18 in patients with Crohn’s disease 
who exhibited varied responses to cytokine-targeted treatments and determine whether selective inhibition of mature IL-18 
offers a novel therapeutic avenue.
Methods We generated a monoclonal antibody that specifically recognizes the neoepitope of caspase-cleaved mature IL-18. 
Expression of precursor and mature IL-18 was analyzed in patients with Crohn’s disease. Anti-mature IL-18 monoclonal 
antibodies were intraperitoneally administered in an acute colitis mouse model, and the disease activity index, body weight 
loss, tissue pathology, proinflammatory cytokine expression, goblet cell function, and microbiota composition were assessed.
Results Precursor and mature IL-18 expression was upregulated and goblet cell function was impaired in patients with 
Crohn’s disease who were unresponsive to biological therapies. Administration of anti-mature IL-18 antibodies ameliorated 
induced colitis by repairing goblet cell function and restoring the mucus layer.
Conclusions The newly developed monoclonal antibody holds promise as a therapeutic alternative for Crohn’s disease.
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Introduction

Crohn’s disease (CD) is an etiologically complex inflam-
matory disorder involving inherited susceptibility, environ-
mental factors, and altered mucosal immune responses [1]. 
Based on the recognition that immune dysregulation in CD 
involves the inappropriate production of proinflammatory 
cytokines, several recently developed cytokine-targeted ther-
apies have revolutionized the treatment of CD [2], includ-
ing monoclonal antibodies (mAbs) targeting tumor necrosis 
factor-alpha (TNF-α), the p40 subunit of interleukin (IL)-12 
and IL-23, and the p19 subunit of IL-23. Cytokine-targeted 
therapies primarily induce remission and prevent relapse by 
alleviating intestinal inflammation. Effectively controlling 
inflammation is known to reduce the risk of complications 
[3]. However, individual differences and variability in the 
efficiency of cytokine-targeted therapies have been reported, 
with approximately half of patients with CD showing poor 
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responses to existing treatments [4, 5]. Despite numerous 
efforts to address this problem, treating patients with CD 
remains challenging.

Increased susceptibility and poor responses to TNF-α-
targeting monoclonal antibodies have been reported to be 
associated with IL-18 gene polymorphisms in patients with 
inflammatory bowel disease (IBD) [6, 7]. IL-18 plays a sig-
nificant role in modulating immune responses and inflam-
matory processes that maintain intestinal homeostasis in 
physiological conditions. Mature IL-18 is generated through 
proteolytic cleavage of its precursor by caspase-1 and -4, 
enzymes involved in the inflammasome-mediated processing 
of proinflammatory cytokines. IL-18 is a proinflammatory 
cytokine that potentially induces interferon-gamma (IFN-γ) 
production by enhancing the cytotoxicity of natural killer 
cells and promoting T-cell differentiation into Th1 cells [8]. 
IL-18 also induces the production of other proinflamma-
tory cytokines such as TNF-α, IL-1β, and IL-6 by various 
immune cells, including macrophages and dendritic cells [9].

In patients with CD, serum and mucosal biopsy studies 
have shown elevated IL-18 levels in the active phase, in 
which mature IL-18 is specifically detected in the digestive 
tissues [10]. Excessive IL-18 activation inhibits mucus pro-
duction by dysregulating goblet cell function [11]. Moreo-
ver, administering polyclonal antibodies against IL-18 or 
IL-18 binding proteins inhibits colitis in several mouse mod-
els [12–14]. Therefore, specifically neutralizing IL-18 might 
effectively control intestinal inflammation in patients with 
CD, especially in those who do not respond to cytokine-tar-
geted treatments in the clinic. However, no IL-18 inhibitory 
treatment is currently used in clinical practice.

As IL-18 also plays a vital role in maintaining intestinal 
homeostasis in the steady state [15], we hypothesized that 
inhibiting mature IL-18, which is elevated in the intestinal 
tissues of patients with CD, would have an inhibitory effect 
on colitis without interfering with steady-state IL-18 func-
tion under homeostatic conditions. Therefore, the aim of this 
study was to demonstrate the expression of precursor and 
mature IL-18 in patients with CD who were refractory to 
TNF-α and IL-12/23 antibodies to determine whether inhib-
iting mature IL-18 can ameliorate colitis and to elucidate the 
underlying mechanism.

Methods

Ethical Considerations

Animal experiments were approved by the Animal Care and 
Use Committee of Nagoya University Graduate School of 
Medicine (approval number: M230086) and performed in 
compliance with the regulations and guidelines of animal 
care and use of Nagoya University. All the experiments were 

performed and reported in accordance with ARRIVE guide-
lines. The human study was conducted following the Decla-
ration of Helsinki for Human Research, and protocols were 
approved by the Research Ethics Committee of Nagoya Uni-
versity (approval number: 2018–0316). All participants pro-
vided written informed consent to participate in the study.

Human Samples

Serum, colonic biopsy, and surgical samples were obtained 
from 31 patients with active CD (CD activity index 
[CDAI] scores between 150 and 450) who were resistant 
to anti-TNF-α antibodies and treated with ustekinumab at 
Nagoya University Hospital in Japan from October 2017 
to September 2020. The patients were divided into two 
groups (responders and non-responders), according to their 
response to ustekinumab treatment. Responders were those 
with a CDAI score that decreased by ≥ 100 from baseline 
or those with a CDAI score < 150 at 24 weeks after usteki-
numab induction.

Measurement of Human TNF‑α and Full‑Length 
and Mature IL‑18 Serum Concentrations

Serum concentrations of full-length and mature human 
IL-18 and TNF-α were measured using an enzyme-linked 
immunosorbent assay (ELISA) kit (#7620; MBL, Nagoya, 
Japan; #E-I-002 mAbProtein, Shimane, Japan, #DTA00D; 
R&D, Minneapolis). Full-length and mature IL-18 and TNF-
α concentrations were calculated using standard curves.

Immunohistochemistry

For immunohistochemical studies, formaldehyde-fixed, par-
affin-embedded biopsy and surgical specimens were depar-
affinized, and antigen retrieval was performed in a target 
retrieval solution (Agilent Technologies, Santa Clara, CA, 
USA). After cooling to 20 °C, tissue sections were washed 
with phosphate-buffered saline (PBS), blocked with normal 
goat serum (#MP7451, Vector Laboratories, Burlingame, 
CA, USA), and incubated with anti-full-length and anti-
mature IL-18 antibodies (mAbProtein) diluted 1:100 in 
PBS. The sections were treated with a 3% hydrogen perox-
ide/ethanol solution and incubated at 20 °C for 60 min with 
anti-rabbit IgG secondary antibody (#MP7451, Vector Labo-
ratories), followed by signal detection using diaminobenzi-
dine solution. The software ImageJ was used to quantify the 
stained areas (National Institute of Health, USA).

Immunofluorescence Staining

To retrieve antigen, the samples that were fixed with formal-
dehyde were deparaffinized and boiled in a target retrieval 
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solution (Agilent Technologies) at a pH of 6. For mouse 
samples, after washing with PBS, samples were permea-
bilized in 0.05% Triton X-100 (Sigma-Aldrich, St. Louis, 
MO, USA)/PBS solution for 20 min at 20 °C. Samples were 
blocked with normal goat serum and incubated with primary 
antibody (anti-MUC-2, 1:100; Invitrogen, Waltham, MA, 
USA) at 4 °C for 16 h. Samples from patients with CD were 
blocked and permeabilized with 0.1% Triton X-100 diluted 
in 5% bovine serum albumin for 1 h, and then incubated with 
primary antibody (anti-Muc2, sc-515032, 1:100, Santa Cruz 
Biotechnology, Dallas, TX, USA) at 4 °C for 16 h. Both 
mouse and human slides were incubated with Alexa Fluor 
488-conjugated secondary antibodies (#4412; Cell Signaling 
Technology) for 1 h. After washing, the slides were mounted 
in 4ʹ,6-diamidino-2-phenylindole Fluoromount-G (#010020, 
Southern Biotech, Birmingham, AL, USA) and then cover-
slips added. The stained areas were quantified using ImageJ 
software (National Institute of Health, USA).

Multiple immunofluorescence staining was conducted 
using an Opal assay kit (NEL810001KT, Akoya Bio-
sciences, Marlborough, MA, USA) according to the man-
ufacturer’s recommendations. Briefly, anti-human CD68 
antibody (PG-M1, 1:100, DAKO) and anti-full-length and 
anti-mature IL-18 antibodies (mAbProtein) were incubated 
in 4 °C for 16 h and recognized by fluorescence of Opal570 
and Opal520, respectively.

Alcian Blue and Periodic Acid‑Schiff Staining

To perform Alcian Blue-periodic acid-Schiff (PAS) staining, 
a PAS and Alcian Blue staining kit (#40,582, Muto Pure 

Chemicals, Tokyo, Japan) was used. Images were obtained 
under a universal fluorescence microscope (BZ-9000, Key-
ence). The number of goblet cells was determined after 
hematoxylin and eosin staining by counting five high-power 
fields (400 ×) in crypts.

Mouse Model of Acute Colitis

Male C57BL/6 J mice, 7–9 weeks of age, were purchased 
from CLEA Japan (Tokyo, Japan). The mice were main-
tained under specific pathogen-free conditions with a 12-h 
day/night cycle and controlled humidity and temperature. 
Temperature was maintained at 18–23 °C with 40–60% 
humidity. Each experimental group comprised seven mice. 
For the 2,4,6-trinitrobenzene sulfonic acid (TNBS) acute 
colitis model, we first conducted a preliminary study, which 
indicated low survival rates at high TNBS concentrations. 
Because exploring the efficiency of drug administration 
is difficult with early deaths, mice in the IL-18 mAb and 
isotype IgG groups were intrarectally administered TNBS 
(Wako Chemicals, Osaka, Japan) dissolved in 50% ethanol 
at a dose of 1 mg on day 1.

Mice in the control group were administered intrarectally 
without TNBS on day 1 without intervention.

Mice in the isotype IgG and IL-18 mAb groups, which 
modeled TNBS-induced colitis, were treated intraperito-
neally with IgG (200 μg) (Bio X Cell, Lebanon, NH, USA) 
or anti-mature IL-18 mAb (5-4.1) (200 μg) daily for 5 d. 
All mice were euthanized using carbon dioxide on day 5, 
and colon tissues were collected. The severity of colitis was 
evaluated based on changes in body weight, disease activity 

Table 1  Ustekinumab-treated 
responder and non-responder 
baseline patient information

*P < 0.05, ***P < 0.001

Non-responder (N = 14) Responder (N = 17) P value

Age (mean ± SD) 44 ± 13.29 40.53 ± 8.73 0.4122
Gender
 Male (%) 12 (85.71%) 13 (76.47%)  > 0.9999
 Female (%) 2 (14.29) 4(23.53%)  > 0.9999

Body Weight (mean ± SD) 55.09 ± 9.51 56.34 ± 12.8 0.7633
BMI (mean ± SD) 19.4 ± 2.6 20.2 ± 3.8 0.5226
Location
 Ileal (%) 3 (21.43%) 2 (11.76%) 0.6358
 Colonic (%) 2 (14.29%) 0 (0%) 0.4815
 Ileocolonic (%) 9 (64.28%) 15 (88.24%) 0.1975

Duration of disease (mean ± SD) 14.5 ± 9.61 14.88 ± 8.56 0.9075
With history of Operation (%) 10 (71.43%) 14 (82.35%)  > 0.9999
Hb (mean ± SD) 12.16 ± 2.40 10.95 ± 2.09 0.4782
Hct (mean ± SD) 38.44 ± 5.86 33.54 ± 5.46 0.0228*
CRP (mean ± SD) 1.32 ± 2.08 0.59 ± 0.50 0.1687
CDAI at baseline (mean ± SD) 217.93 ± 46.33 310.29 ± 77.12 0.0005***
CDAI at 24 weeks (mean ± SD) 179.21 ± 61.53 142.59 ± 46.17 0.0683
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score, colon length, and histological score. Histological 
evaluation was performed blinded, as described previously.

Quantitative PCR

Total RNA was extracted using the acid guanidinium thi-
ocyanate-phenol–chloroform extraction method, and puri-
fied RNA samples were reverse-transcribed into cDNA using 
ReverTra Ace (Toyobo, Tokyo, Japan). Quantitative PCR 
(qPCR) was performed using an Mx3000P thermal cycler 
(Agilent Technologies). TaqMan probes and primers for 
mouse CXCL2 (Mm00436450_m1), mouse glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Mm99999915_g1), 
and mouse IL-6 (Mm00446190_m1) were purchased from 
Life Technologies (Carlsbad, CA, USA). Data were analyzed 
using the comparative threshold cycle (CT) method and nor-
malized to GAPDH levels.

Measurement of Tissue Cytokine Concentrations

Mouse CXCL2 and IL-6 levels in colon tissues were meas-
ured using an ELISA. Distal colons were dissected, opened 
longitudinally, and washed twice with PBS. Colon homoge-
nates were prepared using tissue homogenizers in a lysis 
buffer containing a protease inhibitor cocktail (#5871, Cell 
Signaling Technology, Danvers, MA, USA), and protein 
concentrations were measured. The samples were stored at 
–80 °C until assayed. Cytokine concentrations were deter-
mined using a Quantikine ELISA kit for mice (#M6000B-1; 
#MM200; R&D Systems, Inc., Minneapolis, MN, USA).

Microbiome Analysis

Fecal samples were collected, and DNA was extracted 
using a DNeasy PowerSoil Kit (Qiagen, Hilden, Ger-
many). Bacterial DNA was amplified using universal 
primers targeting the V3–4 region of the 16S rRNA 
gene (F: 5ʹ-TCG TCG GCA GCG TCA GAT GTG TAT AAG 

AGA CAG CCT ACGGGNGGC WGC AG-3ʹ, R: 5ʹGTC 
TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGA 
CTACHVGGG TAT CTA ATC C-3ʹ) with KAPA HiFi Hot-
Start ReadyMix (KAPA Biosystems, Boston, MA, USA). 
PCR products were pooled to create a library and then 
sequenced on an Illumina MiSeq sequencer (Illumina, 
San Diego, CA, USA). Paired-end reads were generated 
using a MiSeq Reagent Kit v3 with 2 × 300 reads and 600 
cycles (Illumina). For basic analysis of the 16S rRNA 
gene sequence data, Quantitative Insights Into Microbial 
Ecology (QIIME 2–2021.4 with DADA2) [16] and SILVA 
(version 138) were used. Linear discriminant analysis 
effect size (LEfSe) [17] was used to compare intestinal 
microbiome compositions.

Statistical Analyses

Statistical analyses were conducted using GraphPad 
Prism 9 (IBM Corp., Armonk, NY, USA). Data are pre-
sented as means ± standard deviations (SD). Statistical 
comparisons were conducted using the Mann–Whitney 
U test or analysis of variance (ANOVA) with Tukey’s 
multiple comparison post-hoc test. Statistical significance 
was defined as P < 0.05.

Databases

The IBD Transcriptome and Metatranscriptome Meta-
Analysis (IBD TaMMA; https:// ibd- meta- analy sis. herok 
uapp. com) database was used to analyze IL-18 expres-
sion based on RNA-sequence data from patients with CD. 
To determine the origin of IL-18 secretion cell types in 
patients with CD, we searched the scRNA-seq database 
derived from the Single Cell Portal (SCP1423, https:// 
singl ecell. broad insti tute. org/ single_ cell).

Results

Mature IL‑18 Is Upregulated in the Serum and Colon 
Tissues of Patients Refractory to Anti‑IL‑12/23 
and Anti‑TNF‑α Antibodies

To identify factors associated with resistance to treatment 
with multiple biologics, 31 patients with CD who were 
refractory to TNF-α antibody therapy were categorized 
as responders or non-responders to ustekinumab based 
on their CDAI scores. Baseline patient characteristics 
and clinical findings indicated that the CDAI scores of 
non-responders were significantly lower than those of 
responders and that mean serum hematocrit levels in 

Fig. 1  IL-18 and mature IL-18 expression increased in patients with 
CD who were refractory to anti-IL-12/23 and anti-TNF-α antibod-
ies. a TNF-α expression was measured by ELISA on serum of non-
responders (n = 14) and responders (n = 17). b IL-18 and mature 
IL-18 expression in the serum of non-responders (n = 14) and 
responders (n = 17). c Schematic diagram showing the binding sites 
of mature anti-human IL-18 mAb. d, e Multiple immunofluorescence 
staining of CD68 and full-length or mature IL-18 in colonic surgi-
cal tissues from normal and inflamed lesions of patients with CD. f 
Anti-IL-18 mAb (11-4.1) recognition of precursor and mature IL-18 
in endoscopic biopsy samples and quantification of IL-18-positive 
areas. g Immunochemistry with anti-IL-18 mAb (9-10.2) showing 
mature IL-18 in endoscopic biopsy samples and quantification of the 
mature IL-18-positive areas. Scale bar: 40  µm. Data are presented 
as the means ± SD. Statistical comparisons were performed using an 
unpaired t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

◂
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non-responders were higher than those in responders 
(Table 1).

We then measured TNF-α and IL-18 expression levels 
at baseline in serum to investigate the different expression 
patterns of proinflammatory cytokines in non-responders 
and responders. TNF-α levels were not significantly differ-
ent between the two groups (Fig. 1a). However, despite the 
lower CDAI in non-responders than in responders at base-
line, IL-18 and mature IL-18 concentrations in serum at 
baseline were significantly higher in non-responders than 
responders (Fig. 1b).

To detect precursor and mature human IL-18 expres-
sion, we generated two types of mAbs, including anti-
human IL-18 antibody (11-4.1), which recognizes the inac-
tive precursor of human IL-18, and mature human IL-18 
and anti-human IL-18 neoepitope antibodies (9-10.2), 
which recognize the new N-terminal37  YFGKLESK44 of 
IL-18 cleaved by caspase-1 and 4 [18] (Fig. 1c). Immu-
nodeficiency, specifically insufficiency of macrophages 
and macrophage-derived IL-18, has been reported to be 
culprits in CD pathogenesis [19, 20]. Analysis of bulk 
RNA-seq and scRNA-seq databases of patients with 
CD indicated excessive expression of IL-18, primarily 
secreted by macrophages (Supplementary Fig.  1a and 
b). To identify the cells that express IL-18 and mature 
IL-18, we investigated the expression of IL-18 and the 
pan-macrophage marker, CD68, in patients with CD. The 
expression of the mature IL-18 was very rare in normal 
tissues from patients with CD but upregulated after inflam-
mation was activated. Moreover, IL-18 was expressed in 
both normal and inflamed tissues of these patients and 
upregulated in inflammation lesions (Fig.  1d and e). 
Therefore, we explored the expression patterns of IL-18 as 
well as mature IL-18 in the colon tissues of patients with 
CD showing different responses to ustekinumab. IL-18 
expression was upregulated in endoscopic biopsy sam-
ples of non-responders compared with those of respond-
ers (Fig. 1f). In addition, mature IL-18 expression in the 
same samples was significantly higher in patients with CD 
who were refractory to multiple biological agents than in 

responders to therapy (Fig. 1g). In surgical intestinal tis-
sues, IL-18 and mature IL-18 expression was upregulated 
in non-responders compared with that in responders (Sup-
plementary Fig. 1c and d). Therefore, we hypothesized that 
increased expression of mature IL-18 is involved in non-
responsiveness and exacerbates intestinal inflammation 
in patients with refractory CD and that inhibiting mature 
IL-18 can suppress intestinal inflammation without dis-
rupting the barrier function of epithelial cells.

Administering mAb (5–4.1) Has a Treatment Effect 
in TNBS‑Induced Colitis

We developed an antibody, mAb (5-4.1), that specifically 
recognizes the neoepitope of mouse IL-18 cleaved by cas-
pase-1 and caspase-4 (Fig. 1c) and demonstrated its spe-
cific binding to mature mouse IL-18 and dose-dependent 
inhibitory effect on IL-18-induced chemokines [21]. Mice 
in the isotype IgG and IL-18 mAb groups were intrarec-
tally administered TNBS and treated intraperitoneally with 
isotype IgG or mAb (5-4.1) daily (Fig. 2a) to investigate 
the potential ameliorating effects of mAb (5–4.1) on acute 
colitis. The mAb (5-4.1)-treated group showed significantly 
less body weight loss than the isotype IgG-treated group 
(Fig.  2b). Furthermore, the mAb (5-4.1)-treated group 
showed lower disease activity index (DAI) scores, better 
histological scores, and higher colon lengths than those in 
the control group (Fig. 2c–e). CXCL2 and IL-6 expression 
was significantly downregulated in the mAb (5-4.1)-treated 
group compared with that in the isotype IgG-treated group 
(Fig. 2f and g).

Administering mAb (5‑4.1) Repairs Goblet Cell 
Function in TNBS‑Induced Colitis

Because excessive IL-18 expression disrupts goblet cell 
function and mucus secretion, we investigated the effects 
of mAb (5-4.1) on goblet cell function. Histological anal-
ysis of tissue sections revealed reduced goblet cells after 
TNBS administration. In addition, colon tissue from the 
mAb (5-4.1)-treated group exhibited more goblet cells 
than those from the isotype IgG-treated group (Fig. 3a). 
Because TNBS-induced colitis led to intestinal epithelial 
damage and loss, we also quantified and compared goblet 
cell numbers in complete crypts without epithelial damage 
in each visual field. The numbers of goblet cells per crypt 
decreased after TNBS induction but rebounded after treat-
ment with the mAb (5-4.1), suggesting that the restoration 
of goblet cells by mAb (5-4.1) contributes to alleviating 
intestinal inflammation (Fig. 3b and c). Regarding goblet 
cell function, Alcian Blue-PAS and Alcian Blue staining 
also showed an increased number of goblet cells and thicker 

Fig. 2  Administering anti-mature IL-18 mAb (5-4.1) ameliorates 
TNBS-induced colitis. a Schematic illustration of the experiment. 
Mice were intrarectally administered TNBS on day 1 and treated 
intraperitoneally with isotype IgG (200 μg) or mAb (5-4.1) (200 μg) 
daily for 5 d. b Body weight change and c disease activity index 
(DAI) scores in each group. d Representative hematoxylin and eosin 
staining (left panel) and histological scoring (right panel) of colon 
sections on day 5 after TNBS administration. e Length of dissected 
colons on day 5 after TNBS administration. f CXCL2 protein expres-
sion and g IL-6 mRNA expression in the colon on day 5 after TNBS 
administration. n = 7 per group, Scale bar: 40 µm. Data are presented 
as the means ± SD; *P < 0.05, **P < 0.01, *** P < 0.001 by multiple 
unpaired t-test or one-way analysis of variance (ANOVA), followed 
by Tukey’s post-hoc test

◂
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mucus layer in the mAb (5-4.1)-treated group than in the 
isotype IgG-treated group (Fig. 3d and e). Immunofluores-
cence staining revealed that MUC-2, the main product and 
indicator of goblet cell expression, was reduced in the colons 
of mice with TNBS-induced colitis, whereas administration 
of mAb (5-4.1) suppressed the reduction in MUC-2 expres-
sion (Fig. 3f).

Patients with CD Refractory to Anti‑IL‑12/23 
and Anti‑TNF‑α Antibodies Exhibit Impaired Goblet 
Cell Function

We analyzed goblet cell function in patients with CD 
refractory to TNF-α antibody therapy. Alcian Blue stain-
ing revealed fewer goblet cells in non-responders than in 
responders (Fig. 4a); similarly, MUC-2 expression was lower 
in non-responders than in responders (Fig. 4b). These find-
ings indicate a potential association between impaired goblet 
cell function and resistance to biologics. Notably, this find-
ing supports the possibility of using an anti-mature-IL-18 
antibody to restore goblet cell function in patients with 
refractory CD.

Administering mAb (5‑4.1) Changes Gut Microbiota 
Composition

We analyzed gut microbiota composition. No differences 
were observed in observed species, Chao-1, and Shannon 
indices among the control, isotype IgG-treated group, and 
IL-18 mAb-treated group (Supplementary Fig. 2a and b). 
The relative abundance of bacteria did not differ among the 
three groups at the phylum level (Supplementary Fig. 2c and 
d). However, the abundance of Faecalibaculum and Clostrid-
ium increased with TNBS administration and decreased 
with mAb (5-4.1) treatment. Conversely, the abundance of 
Negativibacillus decreased with TNBS administration and 
increased with mAb (5-4.1) treatment (Fig. 5a–d).

Discussion

Administering an anti-mature IL-18 antibody alleviated 
intestinal inflammation in a murine model of experimental 
colitis, primarily by rescuing goblet cell function and restor-
ing the mucus layer at the host-microbiota interface. Consist-
ent with our results, other studies have shown the advantages 
of inhibiting IL-18 with neutralizing anti-IL-18 antibodies 
or IL-18 binding protein in dextran sulfate sodium (DSS)- or 
TNBS-induced colitis models [12–14]. Furthermore, con-
ditional deletion of IL-18 in epithelial cells protected mice 
from DSS-induced colitis by restoring goblet cell function. 
Excessive IL-18 signaling by genetic deletion of the IL-18 
binding protein decreased mature mucus-producing goblet 
cells and severe colitis. These studies suggest that exces-
sive IL-18 disrupts goblet cell function and maturation, 
impairing mucus secretion and compromising the defense 
against bacteria [22]. Additionally, antibiotic treatment was 
shown to alleviate experimental intestinal inflammation by 
inhibiting inflammasome and caspase-1 activation, decreas-
ing mature IL-18 production [23]. These reports strongly 
support our research, which demonstrates the pathogenic-
ity of cleaved mature IL-18 in intestinal inflammation and 
potential treatment effect of its inhibition. However, the role 
of IL-18 in intestinal homeostasis has not been elucidated.

Under normal physiological conditions, IL-18 acti-
vates antimicrobial peptide secretion by Paneth cells and 
regulates the microbial community to prevent intestinal 
inflammation [15]. During intestinal infection, epithelial 
IL-18 facilitates the expansion of Lgr5+ stem cells for tis-
sue repair via IL-22, promotes intestinal epithelial cell 
migration, induces rapid turnover of cells, and enhances 
intestinal host defense mechanisms [24]. Downregulated 
IL-18 expression in NLRP6-deficient mice leads to dam-
aged secretion of goblet cell mucus granules, mucus 
layer dysfunction, an impaired host-microbial interface, 
and increased susceptibility to pathogen invasion [25]. 
Because protective and detrimental IL-18 functions in the 
gut have been reported, the use of an IL-18 blocking treat-
ment in a clinic setting remains controversial. However, 
our results suggest that targeting only mature IL-18 and 
not depleting full-length IL-18 expression via antibody 
or even gene editing may restore goblet cell function and 
improve intestinal inflammation without disrupting the 
steady-state function of IL-18.

Macrophage-derived IL-18 has been reported to pro-
mote the depletion of goblet cells, thus playing a key role 
in experimental colitis [13, 19]. Consistent with these pre-
vious reports, our results indicate that the majority of IL-
18-producing cells in patients with CD are macrophages, 
and mature IL-18 is positively correlated with inflamma-
tion flareups. Therefore, our results suggest that our newly 

Fig. 3  Anti-mature IL-18 mAb (5-4.1) ameliorates intestinal inflam-
mation in TNBS-induced colitis model by repairing goblet cells. a 
Quantification of goblet cells in inflamed area. Three sections per 
mouse, n = 7 mice for each group. b Representative hematoxylin and 
eosin staining in non-inflamed area. c Quantification of goblet cells 
in different locations. d Representative Alcian blue-PAS double stain-
ing of colons on day 5 after TNBS administration. e Representative 
Alcian Blue staining (upper panels) and assessment of the thickness 
of the inner mucus layers (lower panel). f Immunofluorescence stain-
ing of MUC-2 on day 5 after TNBS administration. Data are pre-
sented as the means. n = 7 mice for each group. *P < 0.05, **P < 0.01, 
***P < 0.001 by one-way ANOVA, followed by Tukey’s post-hoc test

◂
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Fig. 4  Impaired goblet cell numbers in patients with CD who were 
refractory to anti-IL-12/23 and anti-TNF-α antibodies. a Representa-
tive Alcian Blue staining in non-responders and responders. b Repre-

sentative immunofluorescence staining of MUC-2 in non-responders 
and responders
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synthesized anti-IL-18 antibody alleviated colitis by repair-
ing goblet cell function, showing promise for application in 
patients with CD.

An underlying relationship between IL-18 and the regula-
tion of gut microbiota exists. In the steady state, microbi-
ota-derived signals are necessary for IL-18 production and 
antimicrobial mucus product expression; IL-18 abrogation 

Fig. 5  Effects of anti-IL-18 mAb (5-4.1) on gut microbiota compo-
sition. a–c Comparison of the fecal microbiome between the two 
groups using linear discriminant analysis effect size (LEfSe). Bac-
teria indicated by red or green bars represent bacteria that increased 
or decreased significantly in each group. d The abundance of Facali-

baculum, Clostridium, and Negativibacillus increased after TNBS 
administration and decreased after mAb (5-4.1) administration. n = 7 
for each group. Data are presented as the means; *P < 0.05 by one-
way ANOVA, followed by Tukey’s post-hoc test
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may induce commensal dysbiosis [18]. Proteus mirabilis is 
a pathogenic bacterium that promotes intestinal inflamma-
tion by triggering epithelial IL-18 secretion [26]. However, 
reports on the cytokine IL-18 and specific microbiota altera-
tions in IBD are rare, especially under anti-IL-18 antibody 
treatment. Therefore, we examined alterations in the gut 
microbiota following the induction of experimental murine 
colitis and IL-18 antibody treatment. Order Clostridiales, 
family Clostridiaceae, and genus Clostridium were down-
regulated following IL-18 antibody treatment. Consistent 
with our results, Clostridiales have been associated with 
active clinical CD [27]. Moreover, these bacteria are down-
regulated in IL-18-deficient mice and are involved in con-
structing the intestinal mucus layer, leading to a significant 
loss of immune cells [28, 29]. Notably, IL-18 does not solely 
contribute to intestinal homeostasis; rather, the mature IL-18 
and altered gut microbiota work together to maintain intesti-
nal homeostasis and protect the gut microenvironment from 
invasion.

Nevertheless, this study had several limitations. The 
detailed functions of operational taxonomic units are still 
not clearly understood. This study also did not include inves-
tigating alterations in metabolites derived from the micro-
biota, which regulates immune responses and strengthens 
the intestinal barrier by sensing the inflammasome [30, 31].

In conclusion, administering mAb (5-4.1) alleviated intes-
tinal inflammation in a murine experimental colitis model by 
rescuing goblet cell function and restoring the mucus layer 
at the host-microbiota interface. This antibody may serve as 
a novel therapeutic agent for patients who have been found 
refractory to biologics.
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