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IL-38, an anti-inflammatory cytokine, is a key regulator of homeostasis in host

immunity. Intestinal immunity plays a critical role in defence against pathogenic

invasion, as it is the largest surface organ and the most common entry point for

micro-organisms. Dysregulated IL-38 activity is observed in several

autoimmune diseases including systemic lupus erythematosus and

atherosclerosis. The protective role of IL-38 is well illustrated in experimental

colitis models, showing significantly worse colitis in IL-38 deficient mice,

compared to wildtype mice. Moreover, exogenous IL-38 has been shown to

ameliorate experimental colitis. Surprisingly, upregulated IL-38 is detected in

inflamed tissue from inflammatory bowel disease patients, consistent with

increased circulating cytokine levels, demonstrating the complex nature of

host immunity in vivo. However, colonic IL-38 is significantly reduced in

malignant tissues from patients with colorectal cancer (CRC), compared to

adjacent non-cancerous tissue. Additionally, IL-38 expression in CRC

correlates with 5-year survival, tumour size and differentiation, suggesting IL-

38 plays a protective role during the development of CRC. IL-38 is also an

independent biomarker for the prognosis of CRC, offering useful information in

the management of CRC. Taken together, these data demonstrate the role of

IL-38 in the maintenance of normal intestinal mucosal homeostasis, but that

dysregulation of IL-38 contributes to initiation of chronic inflammatory bowel

disease (resulting from persistent local inflammation), and that IL-38 provides

protection during the development of colorectal cancer. Such data provide

useful information for the development of novel therapeutic targets in the

management of intestinal diseases for more precise medicine.
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The physiological and pathological
role of IL-38

IL-38 belongs to the IL-1 superfamily, because there is more

than 40% homology between IL-38 and the IL-1 receptor (IL-1Ra)

(1), and is also classified in the IL-36 subfamily, as IL-38 also shares

the IL-36 receptor (IL-36R) pathway. Constitutive IL-38 expression

is detected in a wide range of tissues including heart, lung, intestine

and skin (2), as well as in the lymphoid organs, e.g. spleen and tonsils

(3) and some leucocytes (macrophage and Langerhans cells) (4).

IL-38, an anti-inflammatory cytokine, plays an important role

in maintaining homeostasis by balancing pro- vs anti-inflammatory

responses in the microenvironment (5). IL-38 supresses host

inflammatory responses via inhibiting the production of pro-

inflammatory cytokines/chemokines, as demonstrated when

exogenous IL-38 was found to supress pro-inflammatory

mediators including IL-6, IL-1b, CCL5 and CXCL10 in a

humanized allergic asthma NOD/SCID murine model in vivo (6).

In addition, IL-38 decreases production of pro-inflammatory

mediators (IL-17 and IL-22) from human mononuclear cells in

response to microbial stimulation, synergistic with IL-36Ra (7) via

NFKB pathway activation, and subsequently maintains the

homeostasis of the microenvironment (8). IL-38 is also

analogous to the IL-1ab/receptor agonist and IL-1R1, mediating

anti-inflammatory activities. It has been further illustrated that IL-

38 regulates innate and adaptive immunity (9) perhaps via

controlling activation of macrophages. IL-38 also acts in an

autocrine fashion by releasing IL-38 from apoptotic cells to

limit inflammatory macrophage responses (10).

Dysregulation of IL-38 may initiate inflammation due to an

imbalance of pro- vs anti-inflammation factors in the

microenvironment, causing inflammatory diseases. Up-

regulated IL-38 expression is detected in many autoimmune

diseases, including in inflamed skin (2), the active inflamed

tissues of inflammatory bowel disease (11), rheumatoid arthritis

joints (12), psoriatic skin (5) and in drug-induced liver injury

patients (13). These findings suggest that the increased IL-38 in

these inflamed organs may be in response to these chronic focal

stimuli, but that its presence is unable to maintain the

inflammatory balance sufficiently. Interestingly, IL-38 is

downregulated in psoriatic skin in response to stimulation by

IL-36g, IL-17 and IL-22n (all pro-inflammatory cytokines) (14).

This observation suggests that IL-38 -counteracts the biological

processes induced by pro-inflammatory cytokines in epithelial

and endothelial cells to attenuate the severity of autoimmunity.
Intestinal mucosal immunity
and homeostasis

The intestinal mucosa has the largest surface of any organ in

the body, estimated to be 170 m2 (15) and is the most common
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point of invasion for micro-organisms. Thus the intestinal

mucosal surface is the most vulnerable towards both specific

and non-specific (opportunistic) microbe challenges (16).

Intestinal mucosal immunity, including cellular and humoral

responses, provides a critical role in defence against microbial

invasion, as well as in maintaining homeostasis to prevent

autoimmunity (17).

The key role of intestinal humoral response has been

demonstrated, with evidence that humoral mucosal specific

and non-specific responses are compromised in IL-6 deficient

mice (18), supported by evidence of compromised host defence

against pseudomonas aeruginosa challenge in the mucosal

epithelial surface on the cornea of IL-6 deficient mice (19, 20).

Moreover, exogenous IL-6 boosts specific intestinal immunity

(21). On the other hand, IFNg plays a key role in intestinal

cellular immunity against intracellular Salmonella typhimurium

challenge via specific CD8+ cytotoxic T cells and CD4+ helper T

cells (22), with deficiency of IFNg compromising the activation

of intestinal mucosal macrophages which are critical in killing

engulfed Salmonella typhimurium, despite the substantially

elevated specific and non-specific humoral responses in the S

typhimurium challenged gut (22). Consistent with this finding, it

has been demonstrated that the recruitment of activated

macrophages plays a critical role in host cellular immunity,

particularly macrophage mediated defence against Salmonella

typhimurium, using GM-CSF deficient mice (23). S typhimurium

can spread to the liver and spleen in the absence of GM-CSF,

accompanied by a large number of infiltrating inactivated

monocytes. In addition, chemokines such as CXCR-3,

contribute to host defence in response to S typhimurium oral

challenge, with deficiency of CXCR-3 leading to compromised

intestinal mucosal immunity (24). Thus, host intestinal cellular

and humoral immunity plays a critical protective role in defence

against pathogenic invasion. These observations suggest that

balance between pro- and anti-inflammatory mediators is

critical in maintaining a disease-free environment on the

intestinal surface.
IL-38 in intestinal mucosal immunity

The therapeutic role of IL-38 has been demonstrated, with

exogenous IL-38 ameliorating the severity of collagen induced

arthritis (25) in a dose dependent manner. This is further

supported by findings from IL-38 deficient mice, which have

substantially more severe arthritis, compared to wildtype mice

(12), accompanied by the increased presence of pro-inflammatory

cytokines, including IL-1b and IL-6. However, there is also

significantly higher IL-38 in the synovial fluid of rheumatoid

arthritis patients (12), likely due to the hosts attempt to

counteract the upregulated production of pro-inflammatory

mediators in the chronically inflamed microenvironment (12).

This is in line with the finding that circulating IL-38 is
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1051787
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2022.1051787
significantly upregulated in rheumatoid arthritis patients both at the

protein and mRNA levels, compared to a non-rheumatoid arthritis

cohort (26). The increased circulating IL-38, however, is inhibited in

response to standard disease-modifying anti-rheumatic drug

treatment (26), perhaps reflecting reduced host inflammatory

status in response to effective management. We believe elevated

IL-38 is due to the host response to chronic inflammation in the

focal lesion, which in this condition is unsuccessful in suppression

of the development of chronic inflammation in the affected joints.

This is consistent with the observation that IL-38 reduces pro-

inflammatory mediators, such as IL-8, IL-17A and IL-22 (7).

However, the precise pathogenesis of IL-38 in rheumatoid

arthritis remained to be definitively determined.

There is not yet published data to demonstrate the role of IL-

38 in intestinal mucosal infection, but significantly upregulated

circulating IL-38 from COVID-19 patients with severe lung viral

infection of SARS-Cov2 has been reported and is of interest,

since lung and gut are both mucosal associated lymphoid organs

(27). The study from SARS-Cov2 infected mucosa of the lung

invites speculation that increased IL-38 is trying to protect the

target organ(s) from cytokine storm damage via suppressing the

activities of pro-inflammatory cytokines (28). The observation of

increased circulating IL-38 following lung viral infection of

SARS-Cov2 virus from COVID-19 patients, is consistent with

elevated serum IL-38 from chronic hepatitis B viral infected

patients (29). Such data suggests that IL-38 could be a useful

agent in intestinal mucosal immunity, particularly among these

severe diseased patients from the salmonella outbreak (30). The

precise underlying mechanism will be further investigated in

humans and in animal model, as described (21, 23, 24).

Evidence for the protective role of IL-38 in intestinal

mucosal immunity is demonstrated by substantially more

severe clinical presentations (both systemic and local) and

histopathological damage in intestinal mucosa from the IL-38

deficient mice, accompanied with more pro-inflammatory

cytokines/chemokines (31) in response to dextran sulfate

sodium (DSS) challenge, compared to wildtype mice. On the

other hand, exogenous IL-38 ameliorates DSS induced colitis

with substantially reduced systemic and local pro-inflammatory

mediators (32). Such data strongly supports the critical

protective role of IL-38, particularly in maintaining intestinal

mucosal immunity via keeping homeostasis.

Human inflammatory bowel disease (IBD), including ulcerative

colitis and Crohn’s disease, is characterised by chronic persistent

gastrointestinal inflammation (33). Ulcerative colitis affects the

superficial two layers of descending and sigmoid colon only,

whereas Crohn’s disease can affect any part of gastrointestinal

system (from mouth to anus), and all four layers of the intestinal

wall (34). The clinical presentations include abdominal pain,

diarrhea, rectal bleeding, and the severity is dependent on the

remission and relapse of inflammatory bowel disease. The precise

aetiology of IBD is complex and likely includes a combination of

host genetical susceptibility, intestinal microenvironment,
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environmental triggers and the dysregulation of the intestinal

immune system. However, there is substantial upregulation of IL-

38 in the intestinal mucosa from IBD patients (11, 35) at both

molecular and cellular levels, correlating well with the disease

severity, although IL-38 is classified as anti-inflammatory

cytokine. The discrepancy of the possible role of IL-38 in colitis

between experimentally induced colitis in animal models (31, 32)

and human IBD (11, 35) may have several causes. First, disease

progression in experimentally induced colitis is only 1-3 weeks in

animals with acute progression; whereas the course of human IBD

is usually is over 10 years. Second, experimental colitis is induced

with a chemical compound, which abruptly destroys the mucosal

intergrade, resulting in an influx of gut flora and causing acute

intestinal inflammation; whereas the cause(s) of human

inflammatory bowel disease is very complicated, including

environmental triggers, genetical susceptibility and local mucosal

dysregulated immunity (33). Accordingly, we propose that the anti-

inflammatory role of IL-38 is useful for the management of acute

inflammation, but it becomes problematic in chronically susceptible

individuals. It remains to be explored if upregulated colonic IL-38

result from high local inflammation, as the host tissue attempts to

suppress the inflammatory response, but unsuccessfully. It might be

the fact that the target(s) in the intestinal epithelial cells are not

responded well to IL-38 at any level, which may also relate to in the

downstream signalling pathway, e.g. IL-36R and downstream

targets, in addition unknown environmental and/or unknown

stimuli. Subsequently inflammation is persistent, trigging even

higher inflammation.

Nevertheless, such finding suggests that IL-38 may be a

target for potential therapeutic approach in the management of

intestinal diseases, that is, exogenous IL-38 would be useful in

treating acute and/or chronic intestinal infection (23, 24) and/or

colorectal cancer patients (36), particularly among the immune-

compromised patients, such as the elderly and/or HIV patients.

This proposal is supported by the findings that compromised

cellular (22) or humoral (18) immunity may contribute to

reduced intestinal mucosal immunity and from experimental

induced arthritis animal model data showing that exogenous IL-

38 ameliorates the severity of the inflammation (4). It is

uncertain if exogenous IL-38 should be applied for the

management of chronic inflammation in inflammatory bowel

patients, as colonic IL-38 is substantially up-regulated among

these IBD patients (11, 35). IL-38 involves downstream pathway,

IL-36R, and target cells, and these should also be considered

further for therapeutic targeting. Finally, it should be kept in

mind if the intestinal mucosal four layers remain or are at least

partially present for the recovery or remission.
IL-38 in colorectal cancer

There is constitutive production of IL-38 in the colonic

mucosa (11, 35, 36), which is primarily distributed in the
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cytoplasm of intestinal epithelium. However, the production of

colonic IL-38 is significantly decreased in tissue from colorectal

cancer, compared to that of adjacent non-CRC colonic tissue

(36). In addition, there is a correlation between the colonic IL-38

and differentiation of CRC, that is, the poorer differentiation, the

lower IL-38 production, implying that IL-38 provides protection

during the development of colorectal cancer, perhaps via

inhibiting inflammation in the microenvironment (3, 5). This

explanation is supported by other studies showing that chronic

uncontrolled inflammation promotes malignancy in the colon,

due to persistent damage of epithelial cells (37), consistent with

the report of a close correlation between inflammatory bowel

disease and the development of CRC (38). Moreover, down-

regulated colonic IL-38 suppresses anti-inflammatory function

and consequent l y promotes inflammat ion in the

microenvironment, a phenomenon demonstrated in IL-38

gene knockout mice, showing substantially up-regulated pro-

inflammatory mediators in the colon (31). The protective role of

IL-38 is further supported by studies showing that IL-38

provides protection against gestational diabetes mellitus-

induced inflammation within the placenta (39).

The unsatisfactory outcomes for CRC patients (poor

prognosis and overall survival time) to date is mainly due to

the progressed stage of disease upon diagnosis (40) such that the

size of CRC is large and invasion is deep (41). These findings are

consistent with others, showing that there is an inverse

correlation between colonic IL-38 production and the size of

CRC (36), in line with the poor survival rate. There is also an

inverse correlation between colonic IL-38 expression and TNM

classification among CRC patients, further supporting the

protective role of IL-38 during the development of CRC (36).

From a clinical point of view, the diagnosis of CRC on the

right side of the colon is often later with larger tumour size than

left side of colon, due to the capacious nature of the proximal

colon (42). In addition, colonic IL-38 is 50% less for right-side

CRC, compared to that of the left side (36), which may be due to

the difference of size and/or differentiation between right and left

colon, or may be related to embryonic differentiation of right

and left colons (43). From a molecular point of view, it has been

reported that there is more frequent of microsatellite instability

(MSI) mutation from right colon CRC, contributing to higher

levels of inflammation within the tumour microenvironment,

than the left side. Low levels of colonic IL-38 may be a complex

reflection of this higher level of inflammation. However, the

relationship between MSI, IL-38 expression and CRC

differentiation should be further explored.

Although it is reported that age is involved in the

development of CRC (44), there is no correlation of colonic

IL-38 between young and old CRC patients (36). The

explanation for this observation is that there is so far only a

single centre study with a limited number of CRC patients,

which compromise the outcomes for the statistical analysis. In

addition, the patient inclusion cut-off is at 70 years, which may
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be due to the majority of the CRC patients from their study being

within a relatively old group, close to 65 years (36). While the

precise underlying mechanism of IL-38 involvement in the

progression of CRC remains to be determined, the observation

from CRC patients invites speculation that colonic IL-38

protects the host from focal chronic inflammation and

mucosal damage by counteracting with pro-inflammatory

cytokines to balance homeostasis (14). However, the critical

role of colonic IL-38 may be compromised among susceptible

cohorts (45), due to either reduced local IL-38 and/or

interference with downstream pathway(s). Subsequently,

chronic dysregulated inflammation could be induced in the

intestinal mucosa (11, 35) leading to compromise of intestinal

mucosal immunity (46). CRC is therefore eventually developed

following long-term inflammatory stimulation (37, 47), which is

consistent with reports showing a close correlation between

chronic inflammation and the development of gastrointestinal

cancer (48). This explanation is supported by the observed

correlation between reduced circulating IL-31 and local

mucosal IL-31 in gastric cancer (49), further supporting that

both local and systemic host immunities contribute to the

progression of malignancies among the susceptible individuals.

Surprisingly there is a controversial finding regarding local

IL-38 production from malignancy in lung, showing an inverse

correlation between IL-38 expression and differentiation of lung

adenocarcinoma (50), in addition to a correlation between IL-38

and TNM (poor prognosis) in lung adenocarcinoma. The

discrepancy between colonic and lung IL-38 in malignancy

remains to be clarified. Although both intestine and lung are

classified as mucosal organs with protection from mucosal

associated lymphoid organs, there are significant differences

between the gut and lung, for example, there is a major

difference in the load of microbes between lung and gut (51).

In addition, it has been demonstrated that intestinal flora

contributes to the lung defence against pathogenic invasion (51).
IL-38 and polarisation of tumour
associate macrophages

Following the development of cancer there are large number

of infiltrating leucocytes, including macrophages, neutrophils

and lymphocytes (52), likely related to cancer surveillance

mechanisms. However, these infiltrating leucocytes may not be

sufficient to play this role in susceptible individuals,

subsequently allowing escape from such surveillance and

development of cancer. It is well documented that there are a

considerable number of macrophages recruited in the tumour

(termed tumour associated macrophages, TAMs). The roles of

TAMs is debatable, that is whether they promote or inhibit

growth of tumours (53), which may be related to the terminal

differentiation of these macrophages. TAMs can be classified by
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their terminal differentiation into either classical activated M1

macrophages or alternatively activated M2 macrophages (54). It

has been demonstrated that M1 TAMs display anti-tumour

functions via direct free radical mediated cytotoxicity,

releasing ROS and NO, and/or contribute to antibody-

dependent cell-mediated cytotoxicity (ADCC). In contrast, M2

TAMs promote the occurrence and metastasis of tumour cells,

perhaps via inhibiting the T cell-mediated anti-tumour immune

response, promotion of tumour angiogenesis, leading to tumour

progression (55). It has been reported that IL-38 promotes IL-35

mediated development of Treg cells, which may consequently

enhance the development of cancer (56). However, it has also

been demonstrated that IL-38 provides a protective role during

the development of colorectal cancer (36). Such discrepancy in

the described role of IL-38 in the development of cancer may

likely relate to regulatory regulation of terminal differentiation of

TAMs in the tumour microenvironments (55), dependant on the

individual local and/or systemic responses. Therefore, it is

important to explore the potential role of IL-38 in the

management of intestinal diseases, perhaps via boosting M1,

but inhibiting M2 macrophages.

In conclusion, colonic IL-38 plays a critical role in maintenance

of local homeostasis in the intestinal mucosa. Compromised colonic

production and/or function of IL-38, as well as its downstream

pathway(s) may cause initiation of acute and/or chronic

inflammation in the gut, with possible induction of malignancy if

persistent inflammation remains. These insights highlight potential

new molecular targets and pathways for clinical precision

management of intestinal inflammation and/or malignancy.
Frontiers in Immunology 05
Author contributions

QW, LM, wrote the manuscript. CA conceptualized the

manuscript. SW, SB revised the manuscript. All authors

contributed to the article and approved the submitted version.
Funding

Author SW is funded by a fellowship from the National

Heart Foundation of Australia (105622).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Mulero JJ, Pace AM, Nelken ST, Loeb DB, Correa TR, Drmanac R, et al.
IL1HY1: A novel interleukin-1 receptor antagonist gene. Biochem Biophys Res
Commun (1999) 263(3):702–6. doi: 10.1006/bbrc.1999.1440

2. Debets R, Timans JC, Homey B, Zurawski S, Sana TR, Lo S, et al. Two novel
IL-1 family members, IL-1 delta and IL-1 epsilon, function as an antagonist and
agonist of NF-kappa b activation through the orphan IL-1 receptor-related protein
2. J Immunol (2001) 167(3):1440–6. doi: 10.4049/jimmunol.167.3.1440

3. Lin H, Ho AS, Haley-Vicente D, Zhang J, Bernal-Fussell J, Pace AM, et al.
Cloning and characterization of IL-1HY2, a novel interleukin-1 family member.
J Biol Chem (2001) 276(23):20597–602. doi: 10.1074/jbc.M010095200

4. Boutet M-A, Najm A, Bart G, Brion R, Touchais S, Trichet V, et al. IL-38
overexpression induces anti-inflammatory effects in mice arthritis models and in
human macrophages in vitro. Ann Rheum Dis (2017) 76(7):1304. doi: 10.1136/
annrheumdis-2016-210630

5. Mercurio L, Morelli M, Scarponi C, Eisenmesser EZ, Doti N, Pagnanelli G,
et al. IL-38 has an anti-inflammatory action in psoriasis and its expression
correlates with disease severity and therapeutic response to anti-IL-17A
treatment. Cell Death Dis (2018) 9(11):1104. doi: 10.1038/s41419-018-1143-3

6. Sun X, Hou T, Cheung E, Iu TN, Tam VW, Chu IM, et al. Anti-inflammatory
mechanisms of the novel cytokine interleukin-38 in allergic asthma. Cell Mol
Immunol (2020) 17(6):631–46. doi: 10.1038/s41423-019-0300-7

7. van de Veerdonk FL, Stoeckman AK, Wu G, Boeckermann AN, Azam T,
Netea MG, et al. IL-38 binds to the IL-36 receptor and has biological effects on
immune cells similar to IL-36 receptor antagonist. Proc Natl Acad Sci (2012) 109
(8):3001. doi: 10.1073/pnas.1121534109
8. Bao S, Hu R, Hambly BD. IL-34, IL-36 and IL-38 in colorectal cancer-key
immunoregulators of carcinogenesis. Biophys Rev (2020) 12(4):925–30. doi:
10.1007/s12551-020-00726-0

9. Mantovani A, Dinarello CA, Molgora M, Garlanda C. IL-1 and related
cytokines in innate and adaptive immunity in health and disease. Immunity (2019)
50(4):778. doi: 10.1016/j.immuni.2019.03.012

10. Mora J, Schlemmer A, Wittig I, Richter F, Putyrski M, Frank AC, et al.
Interleukin-38 is released from apoptotic cells to limit inflammatory macrophage
responses. J Mol Cell Biol (2016) 8(5):426–38. doi: 10.1093/jmcb/mjw006

11. Fonseca-Camarillo G, Furuzawa-Carballeda J, Iturriaga-Goyon E,
Yamamoto-Furusho JK. Differential expression of IL-36 family members and IL-
38 by immune and nonimmune cells in patients with active inflammatory bowel
disease. BioMed Res Int (2018) 2018:5140691. doi: 10.1155/2018/5140691

12. Takenaka SI, Kaieda S, Kawayama T, Matsuoka M, Kaku Y, Kinoshita T,
et al. IL-38: A new factor in rheumatoid arthritis. Biochem Biophys Rep (2015)
4:386–91. doi: 10.1016/j.bbrep.2015.10.015

13. Kumar N, Surani S, Udeani G, Mathew S, John S, Sajan S, et al. Drug-
induced liver injury and prospect of cytokine based therapy; a focus on IL-2 based
therapies. Life Sci (2021) 278:119544. doi: 10.1016/j.lfs.2021.119544

14. van de Veerdonk FL, de Graaf DM, Joosten LAB, Dinarello CA. Biology of
IL-38 and its role in disease. Immunol Rev (2018) 281(1):191–6. doi: 10.1111/
imr.12612

15. Klatt EC. The gastrointestinal tra. In: Kumar V, Abbas A, Aster JC, editors.
Robbins & cotran pathologic basis of disease. Eleservier, Philadelphia, United States
(2015). p. 177–223.
frontiersin.org

https://doi.org/10.1006/bbrc.1999.1440
https://doi.org/10.4049/jimmunol.167.3.1440
https://doi.org/10.1074/jbc.M010095200
https://doi.org/10.1136/annrheumdis-2016-210630
https://doi.org/10.1136/annrheumdis-2016-210630
https://doi.org/10.1038/s41419-018-1143-3
https://doi.org/10.1038/s41423-019-0300-7
https://doi.org/10.1073/pnas.1121534109
https://doi.org/10.1007/s12551-020-00726-0
https://doi.org/10.1016/j.immuni.2019.03.012
https://doi.org/10.1093/jmcb/mjw006
https://doi.org/10.1155/2018/5140691
https://doi.org/10.1016/j.bbrep.2015.10.015
https://doi.org/10.1016/j.lfs.2021.119544
https://doi.org/10.1111/imr.12612
https://doi.org/10.1111/imr.12612
https://doi.org/10.3389/fimmu.2022.1051787
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2022.1051787
16. Dekaboruah E, Suryavanshi MV, Chettri D, Verma AK. Human
microbiome: An academic update on human body site specific surveillance and
its possible role. Arch Microbiol (2020) 202(8):2147–67. doi: 10.1007/s00203-020-
01931-x

17. Holmgren J, Czerkinsky C. Mucosal immunity and vaccines. Nat Med
(2005) 11(4 Suppl):S45–53. doi: 10.1038/nm1213

18. Ramsay AJ, Husband AJ, Ramshaw IA, Bao S, Matthaei KI, Koehler G, et al.
The role of interleukin-6 in mucosal IgA antibody responses in vivo. Science (1994)
264(5158):561–3. doi: 10.1126/science.8160012

19. Cole N, Bao S, Stapleton F, Thakur A, Husband AJ, Beagley KW, et al.
Pseudomonas aeruginosa keratitis in IL-6-deficient mice. Int Arch Allergy Immunol
(2003) 130(2):165–72. doi: 10.1159/000069006

20. Cole N, Bao S, Willcox M, Husband AJ. Expression of interleukin-6 in the
cornea in response to infection with different strains of pseudomonas aeruginosa.
Infect Immun (1999) 67(5):2497–502. doi: 10.1128/IAI.67.5.2497-2502.1999

21. Bao S, Beagley KW, Allanson M, Husband AJ. Exogenous IL-6 promotes
enhanced intestinal antibody responses in vivo. Immunol Cell Biol (1998) 76
(6):560–2. doi: 10.1046/j.1440-1711.1998.00785.x

22. Bao S, Beagley KW, France MP, Shen J, Husband AJ. Interferon-gamma plays
a critical role in intestinal immunity against salmonella typhimurium infection.
Immunology (2000) 99(3):464–72. doi: 10.1046/j.1365-2567.2000.00955.x

23. Coon C, Beagley KW, Bao S. The role of granulocyte macrophage-colony
stimulating factor in gastrointestinal immunity to salmonellosis. Scand J Immunol
(2009) 70(2):106–15. doi: 10.1111/j.1365-3083.2009.02279.x

24. Chami B, Yeung A, Buckland M, Liu H, MF G, Tao K, et al. CXCR3 plays a
critical role for host protection against salmonellosis. Sci Rep (2017) 7(1):10181.
doi: 10.1038/s41598-017-09150-z

25. Pei B, Chen K, Zhou S, Min D, Xiao W. IL-38 restrains inflammatory
response of collagen-induced arthritis in rats via SIRT1/HIF-1a signaling pathway.
Biosci Rep (2020) 40(5):1–14. doi: 10.1042/BSR20182431

26. Xu WD, Su LC, He CS, Huang AF. Plasma interleukin-38 in patients with
rheumatoid arthritis. Int Immunopharmacol (2018) 65:1–7. doi: 10.1016/
j.intimp.2018.09.028

27. Al-Bassam WW, Al-Karaawi IA, Sharquie IK, Ad’hiah AH. Evaluation of
interleukin-38 levels in serum of patients with coronavirus disease 2019. J Med
Virol (2022) 94(8):3642–52. doi: 10.1002/jmv.27762

28. Gao X, Chan PKS, Lui GCY, Hui DSC, Chu IM, Sun X, et al. Interleukin-38
ameliorates poly(I:C) induced lung inflammation: therapeutic implications in
respiratory viral infections. Cell Death Dis (2021) 12(1):53. doi: 10.1038/s41419-
020-03283-2

29. Wang HJ, Jiang YF, Wang XR, Zhang ML, Gao PJ. Elevated serum
interleukin-38 level at baseline predicts virological response in telbivudine-
treated patients with chronic hepatitis b. World J Gastroenterol (2016) 22
(18):4529–37. doi: 10.3748/wjg.v22.i18.4529

30. Hurley D, McCusker MP, Fanning S, Martins M. Salmonella-host
interactions - modulation of the host innate immune system. Front Immunol
(2014) 5:481. doi: 10.3389/fimmu.2014.00481

31. de Graaf DM, Wang RX, Amo-Aparicio J, Lee JS, Dowdell AS, Tengesdal
IW, et al. IL-38 gene deletion worsens murine colitis. Front Immunol (2022)
13:840719. doi: 10.3389/fimmu.2022.840719

32. Xie C, YanW, Quan R, Chen C, Tu L, Hou X, et al. Interleukin-38 is elevated
in inflammatory bowel diseases and suppresses intestinal inflammation. Cytokine
(2020) 127:154963. doi: 10.1016/j.cyto.2019.154963

33. Xavier RJ, Podolsky DK. Unravelling the pathogenesis of inflammatory
bowel disease. Nature (2007) 448(7152):427–34. doi: 10.1038/nature06005

34. Baumgart DC, Sandborn WJ. Inflammatory bowel disease: clinical aspects
and established and evolving therapies. Lancet (2007) 369(9573):1641–57. doi:
10.1016/S0140-6736(07)60751-X

35. Issa CM, Hambly BD, Garrido-Mesa J, Watson J, Tao K, Bao S. IL-36, 37
and 38 in ulcerative colitis. Clinics Surg (2022) 7:3506.
Frontiers in Immunology 06
36. Chen F, Zhang F, Tan Z, Hambly BD, Bao S, Tao K. Interleukin-38 in
colorectal cancer: a potential role in precision medicine. Cancer Immunol
Immunother (2020) 69(1):69–79. doi: 10.1007/s00262-019-02440-7

37. Grivennikov SI. Inflammation and colorectal cancer: colitis-associated
neoplasia. Semin Immunopathol (2013) 35(2):229–44. doi: 10.1007/s00281-012-
0352-6

38. Rogler G. Chronic ulcerative colitis and colorectal cancer. Cancer Lett
(2014) 345(2):235–41. doi: 10.1016/j.canlet.2013.07.032

39. Yu H, Liu Y, Xie W, Xie Q, Liu Q, Cheng L. : IL-38 alleviates the
inflammatory response and the degeneration of nucleus pulposus cells via
inhibition of the NF-kappaB signaling pathway in vitro. Int Immunopharmacol
(2020) 85:106592. doi: 10.1016/j.intimp.2020.106592

40. Saha S, Kanaan MN, Shaik M, Abadeer B, Korant A, Krishnamoorthy M,
et al. Tumor size as a prognostic factor for patients with colon cancer undergoing
sentinel lymph node mapping and conventional surgery. J Clin Oncol (2013) 31
(4):1–14. doi: 10.1200/jco.2013.31.4_suppl.546

41. Kato T, Alonso S, Muto Y, Perucho M, Rikiyama T. Tumor size is an
independent risk predictor for metachronous colorectal cancer. Oncotarget (2016)
7(14):17896–904. doi: 10.18632/oncotarget.7555

42. Venook AP. Right-sided vs left-sided colorectal cancer. Clin Adv Hematol
Oncol (2017) 15(1):22–4.

43. Kostouros A, Koliarakis I, Natsis K, Spandidos DA, Tsatsakis A, Tsiaoussis J.
Large Intestine embryogenesis: Molecular pathways and related disorders (Review).
Int J Mol Med (2020) 46(1):27–57. doi: 10.3892/ijmm.2020.4583

44. Siegel RL, Miller KD, Goding Sauer A, Fedewa SA, Butterly LF, Anderson
JC, et al. Colorectal cancer statistics, 2020. CA Cancer J Clin (2020) 70(3):145–64.
doi: 10.3322/caac.21601

45. Ummarino D. Experimental arthritis: IL-38 promotes anti-inflammatory
effects. Nat Rev Rheumatol (2017) 13(5):260. doi: 10.1038/nrrheum.2017.55

46. Elinav E, Nowarski R, Thaiss CA, Hu B, Jin C, Flavell RA. Inflammation-
induced cancer: crosstalk between tumours, immune cells and microorganisms.
Nat Rev Cancer (2013) 13(11):759–71. doi: 10.1038/nrc3611

47. Coussens LM, Werb Z. Inflammation and cancer. Nature (2002) 420
(6917):860–7. doi: 10.1038/nature01322

48. Ullman TA, Itzkowitz SH. Intestinal inflammation and cancer.
Gastroenterology (2011) 140(6):1807–16. doi: 10.1053/j.gastro.2011.01.057

49. Liu Q, Zhang J, Xia L, Wise SD, Hambly BD, Tao K, et al. Clinical
implications of interleukins-31, 32, and 33 in gastric cancer. World J Gastrointest
Oncol (2022) 14(9):1808–22. doi: 10.4251/wjgo.v14.i9.1808

50. Takada K, Okamoto T, Tominaga M, Teraishi K, Akamine T, Takamori S,
et al. Clinical implications of the novel cytokine IL-38 expressed in lung
adenocarcinoma: Possible association with PD-L1 expression. PloS One (2017)
12(7):e0181598. doi: 10.1371/journal.pone.0181598

51. Sencio V, Machado MG, Trottein F. The lung-gut axis during viral
respiratory infections: the impact of gut dysbiosis on secondary disease
outcomes. Mucosal Immunol (2021) 14(2):296–304. doi: 10.1038/s41385-020-
00361-8

52. Lanca T, Silva-Santos B. The split nature of tumor-infiltrating leukocytes:
Implications for cancer surveillance and immunotherapy. Oncoimmunology (2012)
1(5):717–25. doi: 10.4161/onci.20068

53. Ohno M, Imai T, Chatani M, Nishida A, Inatomi O, Kawahara M, et al. The
anti-inflammatory and protective role of interleukin-38 in inflammatory bowel
disease. J Clin Biochem Nutr (2022) 70(1):64–71. doi: 10.3164/jcbn.21-104

54. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage
activation: time for reassessment. F1000Prime Rep (2014) 6:13. doi: 10.12703/P6-13

55. Pan Y, Yu Y, Wang X, Zhang T. Tumor-associated macrophages in tumor
immunity. Front Immunol (2020) 11:583084. doi: 10.3389/fimmu.2020.583084

56. Ge Y, Huang M, Wu Y, Dong N, Yao Y-M. Interleukin-38 protects against
sepsis by augmenting immunosuppressive activity of CD4+CD25+ regulatory T
cells. J Cell Mol Med (2020) 24(2):2027–39. doi: 10.1111/jcmm.14902
frontiersin.org

https://doi.org/10.1007/s00203-020-01931-x
https://doi.org/10.1007/s00203-020-01931-x
https://doi.org/10.1038/nm1213
https://doi.org/10.1126/science.8160012
https://doi.org/10.1159/000069006
https://doi.org/10.1128/IAI.67.5.2497-2502.1999
https://doi.org/10.1046/j.1440-1711.1998.00785.x
https://doi.org/10.1046/j.1365-2567.2000.00955.x
https://doi.org/10.1111/j.1365-3083.2009.02279.x
https://doi.org/10.1038/s41598-017-09150-z
https://doi.org/10.1042/BSR20182431
https://doi.org/10.1016/j.intimp.2018.09.028
https://doi.org/10.1016/j.intimp.2018.09.028
https://doi.org/10.1002/jmv.27762
https://doi.org/10.1038/s41419-020-03283-2
https://doi.org/10.1038/s41419-020-03283-2
https://doi.org/10.3748/wjg.v22.i18.4529
https://doi.org/10.3389/fimmu.2014.00481
https://doi.org/10.3389/fimmu.2022.840719
https://doi.org/10.1016/j.cyto.2019.154963
https://doi.org/10.1038/nature06005
https://doi.org/10.1016/S0140-6736(07)60751-X
https://doi.org/10.1007/s00262-019-02440-7
https://doi.org/10.1007/s00281-012-0352-6
https://doi.org/10.1007/s00281-012-0352-6
https://doi.org/10.1016/j.canlet.2013.07.032
https://doi.org/10.1016/j.intimp.2020.106592
https://doi.org/10.1200/jco.2013.31.4_suppl.546
https://doi.org/10.18632/oncotarget.7555
https://doi.org/10.3892/ijmm.2020.4583
https://doi.org/10.3322/caac.21601
https://doi.org/10.1038/nrrheum.2017.55
https://doi.org/10.1038/nrc3611
https://doi.org/10.1038/nature01322
https://doi.org/10.1053/j.gastro.2011.01.057
https://doi.org/10.4251/wjgo.v14.i9.1808
https://doi.org/10.1371/journal.pone.0181598
https://doi.org/10.1038/s41385-020-00361-8
https://doi.org/10.1038/s41385-020-00361-8
https://doi.org/10.4161/onci.20068
https://doi.org/10.3164/jcbn.21-104
https://doi.org/10.12703/P6-13
https://doi.org/10.3389/fimmu.2020.583084
https://doi.org/10.1111/jcmm.14902
https://doi.org/10.3389/fimmu.2022.1051787
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The role of IL-38 in intestinal diseases - its potential as a therapeutic target
	The physiological and pathological role of IL-38
	Intestinal mucosal immunityand homeostasis
	IL-38 in intestinal mucosal immunity
	IL-38 in colorectal cancer
	IL-38 and polarisation of tumour associate macrophages
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


