


IL-25 primed MST improve dextran sulfate sodium-induced colitis

muris infection, and MPP cells have multipo-
tent activity, giving rise to cells of monocytes/
macrophages and granulocyte lineages both in
vitro and in vivo [23]. Our previous study indi-
cated that IL-25 was deficient in the sera and
inflamed mucosa of IBD rats, and it inhibited
the differentiation of IBD CD4* T cells into Th1/
Th17 cells but did not interfere with Th2-
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Figure 4. Transcription factor/cytokine
expression in lamina propria CD4* cells
of rats. Transcription factor/cytokine
levels of lamina propria cells were de-
termined with immunofluorescence do-
uble staining. The nucleus was stained
with DAPI (100 x). Red fluorescence:
CD4; green fluorescence: IFN-y, IL-4, IL-
17 or FOXP3. Merge represents CD4*
cells positive for IFN-y, -4, IL-17 or
FOXP3. Data were presented as mean *
SEM (*P < 0.05 vs control; #P < 0.05 vs
DSS; &P < 0.05 vs MSC).

associated transcription factor expression [22].
In the present study, a well-established colitis
model was established with DSS in rats, wheth-
er IL-25 could influence the therapeutic effects
of MSCs on IBD was investigated, and then the
potential mechanism was further explored. Our
results showed that IL-25 primed MSC had a
better protective effects on the intestinal symp-
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Figure 5. Immunohistochemistry for Ki67 and LGR-5 in the colonic mucosa of rats (x 200). Ki67 and LGR-5 posi-

tive cells were mainly located in the colonic villus and intestinal epithelium. The percentage of positive cells was
calculated as follow: [(positive cells)/(total cell number)] x 100%. Results were obtained from three independent
experiments. Data were presented as the mean + SEM (*P < 0.05).

toms and histology of colitis rats compared
with untreated colitis rats. Further analysis
demonstrated that IL-25 acted via inhibiting
Th1l7 and inducing Treg immune response.
However, our study failed to confirm that IL-25
affected the migratory and regenerative capac-
ities of MSCs in vivo. These finding indicate that
IL-25 can augment the therapeutic efficacy of
MSCs in the treatment of IBD.

MSCs can be easily separated from the bone
marrow, where they provide a support for the
growth and differentiation of hematopoietic
progenitor cells in the bone marrow environ-
ment [37]. MSCs have multipotent differentia-
tion potential, which allows them to differenti-
ate into other cell types. In addition, they also
have immunomodulatory capacity by control-
ling inflammation and modifying the prolifera-
tion and cytokine production of immune cells
[38]. In 2002-2003, the observation that MSCs
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inhibited T-cell proliferation in vitro identified by
three independent investigators opened a door
for the use of MSCs in the treatment of autoim-
mune disorders [39-41]. The pathogenesis of
IBD also has involvement of misregulation of
T-cell subsets, which is accompanied by aber-
rant Thl- or Th17-mediated immune responses
in CD, and a Th2-driven aberrant immune
response in UC. Therefore, numerous reports
have provided evidence that the effectiveness
of MSC-based immunotherapy in IBD is associ-
ated with the decrease in inflammatory CD4* T
cells[42, 43]. The inhibitory effect of MSCs on
pro-inflammatory T cells seems to depend on
many parameters such as culture condition (an
inflammatory environment). Thus, modification
of culture condition for MSCs can enhance their
immunomodulatory effects. Duijvestein et al.
found that IFN-y-stimulated MSCs, but not
untreated MSCs, significantly attenuated DSS-
induced colitis and TNBS-induced colitis via
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inhibiting Th17 response [14]. Another study
also indicated that IL-37 transfected MSCs
could attenuate the histology in DSS-induced
colitis mice though inducing Th2-related cyto-
kines and suppressing Thl-related cytokines
produced by splenic CD4* T cells [44]. In our
study, results showed that IL-25 primed MSCs
had enhanced anti-inflammatory activity, achi-
eving better therapeutic efficacy (improve-
ments of clinical symptoms and intestinal dam-
ages) in a DSS-induced colitis rat model. In
addition, flow cytometry and immunofluores-
cence staining revealed that IL-25 primed MSCs
exhibited enhanced capability to inhibit Th17
response in CD4* T cells of colitis rats, but had
no marked effect on Thl or Th2 response.
These finding suggest that IL-25 primed MSCs
seem to reduce immune response mainly via
suppressing Thl17 cell activity rather than
inducing Th2-related immunity or suppressing
Thl-related immunity, finally avoiding the ampli-
fication of inflammatory cascade and exerting
an anti-inflammatory effect.

Regulatory T cells play a key role in the treat-
ment of inflammatory diseases (such as IBD),
mainly by inhibiting pro-inflammatory cytokine
production, down-regulating costimulatory mol-
ecules on antigen presenting cells, and modu-
lating T-cell proliferation and differentiation.
Luz-Crawford et al. found that the suppressive
effect of MSCs was associated with the
increased functional CD4*CD25*Foxp3* regula-
tory T cells and elevated IL-10 secretion [45]. In
line with previous studies, the percentage of
Tregs in peripheral blood- and lamina propria-
CD4* T cells increased significantly in rats after
treatment with IL-25-primed MSCs as com-
pared with MSC treated colitis rats and untreat-
ed colitis rats, suggesting that IL-25 helps
MSCs ameliorate DSS-induced colitis by up-
regulating Tregs. The MSCs mediated induction
of regulatory T cells depends on local condi-
tions. Under different inflammatory environ-
ments, MSC constitutively secrete transform-
ing growth factor-B (TGF-B), indoleamine 2,3
deoxygenase (IDO) or IL-2, which acts as a
growth factor for regulatory T cells [46].
Furthermore, MSC can induce the differentia-
tion of type 2 macrophages, which produce
IL-10, CCL-18 or PGE2 to induce regulatory T
cells [47]. However, how IL-25 improves the abil-
ity of MSCs to induce regulatory T cells remains
to be further identified.
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In response to inflammation or tissue injury,
MSCs are able to migrate to the injured sites,
replace dysfunctional cells and differentiate
into various tissues. The migration of MSCs to
such sites may be dependent on the chemotac-
tic signals derived from injured or inflamed tis-
sues. Park et al. employed confocal imaging
analysis to investigate the direct migration of
MSCs in a DSS-induced colitis model, and they
found that a larger amount of MSCs was detect-
able in either colon or regional mesenteric
lymph nodes of the DSS-induced colitis group,
most in the distal part of the colon, but few in
the proximal part [13]. However, in our study,
results failed to identify the migration of infused
MSCs in the inflamed colonic mucosa in two
MSC treatment groups on Day 8. We speculat-
ed that the absence of infused MSC was asso-
ciated with the survival time of MSCs in the
inflammatory tissues. Some studies have
revealed that in vitro expanded MSCs have a
short lifespan after in vivo administration [48].
Another study displays that the infused MSCs
are detectable in the inflamed intestine until
day 5, but not on day 7 in an experimental coli-
tis model [49]. In mice suffering from TNBS-
induced colitis, intravenous injection of MSCs
leads to the increased expressions of Ki67 (a
cell proliferation marker) and LGR5 (an intesti-
nal stem cell markers) in damaged mucosa,
indicating that MSCs induce the differentiation
of intestinal stem cells and the proliferation of
intestinal epithelial cells [50]. Our results are
consistent with previous findings that MSCs up-
regulate the expressions of Ki67 and LGR5, but
those were comparable between MSC group
and IL-25 primed MSC group in our study.
Therefore, we postulate that IL-25 has no sig-
nificant effect on the capability of MSCs to
induce the differentiation of intestinal stem
cells and the proliferation of intestinal epitheli-
al cells.

In summary, our study demonstrates that IL-25
primed MSCs achieve better therapeutic
effects on intestinal inflammation of IBD th-
rough inhibiting Th17 immune response and
inducing T regulatory cell phenotype. Thus,
IL-25 may become an attractive candidate for
the MSC-based therapy of IBD.

Acknowledgements

This work was supported by the National
Natural Science Foundation of China (No. 81-

Am J Transl Res 2017;9(9):4149-4160



IL-25 primed MST improve dextran sulfate sodium-induced colitis

400601) and the Young Innovative Research
Foundation of Fujian Province (No. 2014-2-71)
to Jingling Su.

Disclosure of conflict of interest
None.

Address correspondence to: Jingling Su and Jianlin
Ren, Department of Gastroenterology, Zhongshan
Hospital Affiliated to Xiamen University, Xiamen
361004, Fujian Province, China. E-mail: sujingling@
163.com (JLS); renjiani@xmu.edu.cn (JLR)

References

[1] Fakhoury M, Negrulj R, Mooranian A and Al-
Salami H. Inflammatory bowel disease: clinical
aspects and treatments. J Inflamm Res 2014;
7:113-120.

[2] Zhang YZ and Li YY. Inflammatory bowel dis-
ease: pathogenesis. World J Gastroenterol
2014; 20: 91-99.

[3] Geremia A, Biancheri P, Allan P, Corazza GR
and Di Sabatino A. Innate and adaptive immu-
nity in inflammatory bowel disease. Autoim-
mun Rev 2014; 13: 3-10.

[4] Hisamatsu T, Kanai T, Mikami Y, Yoneno K,
Matsuoka K and Hibi T. Inmune aspects of the
pathogenesis of inflammatory bowel disease.
Pharmacol Ther 2013; 137: 283-297.

[5] Eggenhofer E, Luk F, Dahlke MH and Hoogduijn
MJ. The life and fate of mesenchymal stem
cells. Front Immunol 2014; 5: 148.

[6] de Witte SF, Franquesa M, Baan CC and Hoog-
duijn MJ. Toward development of imesenchy-
mal stem cells for immunomodulatory therapy.
Front Immunol 2015; 6: 648.

[71 Gao F, Chiu SM, Motan DA, Zhang Z, Chen L, Ji
HL, Tse HF, Fu QL and Lian Q. Mesenchymal
stem cells and immunomodulation: current
status and future prospects. Cell Death Dis
2016; 7: e2062.

[8] Lee HK, Kim HS, Kim JS, Kim YG, Park KH, Lee
JH, Kim KH, Chang 1Y, Bae SC, Kim Y, Hong JT,
Kehrl JH and Han SB. CCL2 deficient mesen-
chymal stem cells fail to establish long-lasting
contact with T cells and no longer ameliorate
lupus symptoms. Sci Rep 2017; 7: 41258.

[9]1 RozenbergA, Rezk A, Boivin MN, Darlington PJ,
Nyirenda M, Li R, Jalili F, Winer R, Artsy EA, Uc-
celli A, Reese JS, Planchon SM, Cohen JA and
Bar-Or A. Human mesenchymal stem cells
impact Th17 and Thl responses through a
prostaglandin E2 and myeloid-dependent
mechanism. Stem Cells Transl Med 2016; 5:
1506-1514.

[10] Yoo HS, Lee K, Na K, Zhang YX, Lim HJ, Yi T,
Song SU and Jeon MS. Mesenchymal stromal

4158

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

cells inhibit CD25 expression via the mTOR
pathway to potentiate T-cell suppression. Cell
Death Dis 2017; 8: €2632.

Drakos PE, Nagler A and Or R. Case of Crohn’s
disease in bone marrow transplantation. Am J
Hematol 1993; 43: 157-158.

Duijvestein M, Vos AC, Roelofs H, Wildenberg
ME, Wendrich BB, Verspaget HW, Kooy-Winke-
laar EM, Koning F, Zwaginga JJ, Fidder HH, Ver-
haar AP, Fibbe WE, van den Brink GR and Hom-
mes DW. Autologous bone marrow-derived
mesenchymal stromal cell treatment for re-
fractory luminal Crohn’s disease: results of a
phase | study. Gut 2010; 59: 1662-1669.
Park JS, Yi TG, Park JM, Han YM, Kim JH, Shin
DH, Tak SJ, Lee K, Lee YS, Jeon MS, Hahm KB,
Song SU and Park SH. Therapeutic effects of
mouse bone marrow-derived clonal mesenchy-
mal stem cells in a mouse model of inflamma-
tory bowel disease. J Clin Biochem Nutr 2015;
57: 192-203.

Duijvestein M, Wildenberg ME, Welling MM,
Hennink S, Molendijk |, van Zuylen VL, Bosse T,
Vos AC, de Jonge-Muller ES, Roelofs H, van der
Weerd L, Verspaget HW, Fibbe WE, te Velde AA,
van den Brink GR and Hommes DW. Pretreat-
ment with interferon-gamma enhances the
therapeutic activity of mesenchymal stromal
cells in animal models of colitis. Stem Cells
2011; 29: 1549-1558.

Jin P, Zhao'Y, Liu H, Chen J, Ren J, Jin J, Bedog-
netti D, Liu S, Wang E, Marincola F and Stron-
cek D. Interferon-gamma and tumor necrosis
factor-alpha polarize bone marrow stromal
cells uniformly to a Thl phenotype. Sci Rep
2016; 6: 26345.

TangY, Chen Y, Wang X, Song G, Li Y and Shi L.
Combinatorial intervention with mesenchymal
stem cells and granulocyte colony-stimulating
factor in a rat model of ulcerative colitis. Dig
Dis Sci 2015; 60: 1948-1957.

Bredo G, Storie J, Shrestha Palikhe N, David-
son C, Adams A, Vliagoftis H and Cameron L.
Interleukin-25 initiates Th2 differentiation of
human CD4(+) T cells and influences expres-
sion of its own receptor. Immun Inflamm Dis
2015; 3: 455-468.

Kempuraj D, Frydas S, Conti P, Kandere- Grzy-
bowska K, Boucher W, Letourneau R, Madhap-
pan B, Huang SH, Sugimoto K, Papadopoulou
NG, Christodoulou S and Theoharides TC. In-
terleukin-25 (or IL-17E): a new IL-17 family
member with growth factor/inflammatory ac-
tions. Int J Immunopathol Pharmacol 2003;
16: 185-188.

Saadoun D, Terrier B and Cacoub P. Interleu-
kin-25: key regulator of inflammatory and au-
toimmune diseases. Curr Pharm Des 2011;
17: 3781-3785.

Am J Transl Res 2017;9(9):4149-4160


mailto:sujingling@163.com
mailto:sujingling@163.com
mailto:renjianl@xmu.edu.cn

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

4159

IL-25 primed MST improve dextran sulfate sodium-induced colitis

Javan MR, Seyfizadeh N, Aslani S, Farhoodi M
and Babaloo Z. Molecular analysis of interleu-
kin-25 exons 1 and 2 and its serum levels in
Iranian patients with multiple sclerosis. Am J
Clin Exp Immunol 2014; 3: 91-96.

Shi T, Xie Y, Fu Y, Zhou Q, Ma Z, Ma J, Huang Z,
Zhang J and Chen J. The signaling axis of
microRNA-31/interleukin-25 regulates Thi1/
Th17-mediated inflammation response in coli-
tis. Mucosal Immunol 2017; 10: 983-995.

Su J, Chen T, Ji XY, Liu C, Yadav PK, Wu R, Yang
P and Liu Z. IL-25 downregulates Th1/Th17 im-
mune response in an IL-10-dependent manner
in inflammatory bowel disease. Inflamm Bowel
Dis 2013; 19: 720-728.

Saenz SA, Siracusa MC, Monticelli LA, Ziegler
CG, Kim BS, Brestoff JR, Peterson LW, Wherry
EJ, Goldrath AW, Bhandoola A and Artis D. IL-
25 simultaneously elicits distinct populations
of innate lymphoid cells and multipotent pro-
genitor type 2 (MPPtype2) cells. J Exp Med
2013; 210: 1823-1837.

Bruder SP, Kurth AA, Shea M, Hayes WC, Jaisw-
al N and Kadiyala S. Bone regeneration by im-
plantation of purified, culture-expanded hu-
man mesenchymal stem cells. J Orthop Res
1998; 16: 155-162.

Murano M, Maemura K, Hirata |, Toshina K, Ni-
shikawa T, Hamamoto N, Sasaki S, Saitoh O
and Katsu K. Therapeutic effect of intracoloni-
cally administered nuclear factor kappa B
(p65) antisense oligonucleotide on mouse
dextran sulphate sodium (DSS)-induced coli-
tis. Clin Exp Immunol 2000; 120: 51-58.
Williams KL, Fuller CR, Dieleman LA, DaCosta
CM, Haldeman KM, Sartor RB and Lund PK.
Enhanced survival and mucosal repair after
dextran sodium sulfate-induced colitis in trans-
genic mice that overexpress growth hormone.
Gastroenterology 2001; 120: 925-937.

Liu Z, Feng BS, Yang SB, Chen X, Su J and Yang
PC. Interleukin (IL)-23 suppresses IL-10 in in-
flammatory bowel disease. J Biol Chem 2012;
287: 3591-3597.

Song SU, Kim CS, Yoon SP, Kim SK, Lee MH,
Kang JS, Choi GS, Moon SH, Choi MS, Cho YK
and Son BK. Variations of clonal marrow stem
cell lines established from human bone mar-
row in surface epitopes, differentiation poten-
tial, gene expression, and cytokine secretion.
Stem Cells Dev 2008; 17: 451-461.

Franze E, Rizzo A, Caruso R, Pallone F and
Monteleone G. Interleukin-25 negatively con-
trols pathogenic responses in the gut. Inflamm
Allergy Drug Targets 2011; 10: 187-191.
Wang C, Liu Q, Chen F, Xu W, Zhang C and Xiao
W. IL-25 Promotes Th2 immunity responses in
asthmatic mice via nuocytes activation. PLoS
One 2016; 11: e0162393.

(31]

(32]

(33]

[34]

(35]

(36]

[37]

(38]

(39]

[40]

[41]

Beale J, Jayaraman A, Jackson DJ, Macintyre
JD, Edwards MR, Walton RP, Zhu J, Ching YM,
Shamji B, Edwards M, Westwick J, Cousins DJ,
Hwang YY, McKenzie A, Johnston SL and
Bartlett NW. Rhinovirus-induced IL-25 in asth-
ma exacerbation drives type 2 immunity and
allergic pulmonary inflammation. Sci Transl
Med 2014; 6: 256ral134.

Howitt MR, Lavoie S, Michaud M, Blum AM,
Tran SV, Weinstock JV, Gallini CA, Redding K,
Margolskee RF, Osborne LC, Artis D and Gar-
rett WS. Tuft cells, taste-chemosensory cells,
orchestrate parasite type 2 immunity in the
gut. Science 2016; 351: 1329-1333.

Vannella KM, Ramalingam TR, Borthwick LA,
Barron L, Hart KM, Thompson RW, Kindrachuk
KN, Cheever AW, White S, Budelsky AL, Co-
meau MR, Smith DE and Wynn TA. Combinato-
rial targeting of TSLP, IL-:25, and IL-33 in type 2
cytokine-driven inflammation and fibrosis. Sci
Transl Med 2016; 8: 337ra365.

Caruso R, Stolfi C, De Nitto D, Pallone F and
Monteleone G. The dual role of interleukin-25
in the control of immune-mediated patholo-
gies. Curr Mol Med 2011; 11: 26-30.

Su X, Huang Q, Chen J, Wang M, Pan H, Wang
R, Zhou H, Zhou Z, Liu J, Yang F, Li T and Liu L.
Calycosin suppresses expression of pro-inflam-
matory cytokines via the activation of p62/
Nrf2-linked heme oxygenase 1 in rheumatoid
arthritis synovial fibroblasts. Pharmacol Res
2016; 113: 695-704.

Zare L, Sheikh Fathollahi M, Kazemi Arababadi
M, Shamsizadeh A, Daneshpajouh B, Zainodini
N and Allahtavakoli M. The association be-
tween C424c/A polymorphism within the I1L-25
gene and multiple sclerosis. Iran Red Crescent
Med J 2016; 18: €25995.

Lv FJ, Tuan RS, Cheung KM and Leung VY. Con-
cise review: the surface markers and identity
of human mesenchymal stem cells. Stem Cells
2014; 32: 1408-14109.

Bernardo ME and Fibbe WE. Mesenchymal
stromal cells: sensors and switchers of inflam-
mation. Cell Stem Cell 2013; 13: 392-402.
Bartholomew A, Sturgeon C, Siatskas M, Ferrer
K, Mcintosh K, Patil S, Hardy W, Devine S, Uck-
er D, Deans R, Moseley A and Hoffman R. Mes-
enchymal stem cells suppress lymphocyte pro-
liferation in vitro and prolong skin graft survival
in vivo. Exp Hematol 2002; 30: 42-48.

Di Nicola M, Carlo-Stella C, Magni M, Milanesi
M, Longoni PD, Matteucci P, Grisanti S and Gi-
anni AM. Human bone marrow stromal cells
suppress T-lymphocyte proliferation induced
by cellular or nonspecific mitogenic stimuli.
Blood 2002; 99: 3838-3843.

Le Blanc K, Tammik L, Sundberg B, Haynes-
worth SE and Ringden O. Mesenchymal stem

Am J Transl Res 2017;9(9):4149-4160



[42]

[43]

[44]

[45]

4160

IL-25 primed MST improve dextran sulfate sodium-induced colitis

cells inhibit and stimulate mixed lymphocyte
cultures and mitogenic responses indepen-
dently of the major histocompatibility complex.
Scand J Immunol 2003; 57: 11-20.

Ozdemir AT, Ozgul Ozdemir RB, Kirmaz C, Sari-
boyaci AE, Unal Halbutogllari ZS, Ozel C and
Karaoz E. The paracrine immunomodulatory
interactions between the human dental pulp
derived mesenchymal stem cells and CD4 T
cell subsets. Cell Immunol 2016; 310: 108-
115.

Wang D, Huang S, Yuan X, Liang J, Xu R, Yao G,
Feng X and Sun L. The regulation of the Treg/
Th17 balance by mesenchymal stem cells in
human systemic lupus erythematosus. Cell
Mol Immunol 2017; 14: 423-431.

Wang WQ, Dong K, Zhou L, Jiao GH, Zhu CZ, Li
WW, Yu G, Wu WT, Chen S, Sun ZN, Wang YM,
Liu WT, Zhang J, Wang BM and Feng XM. IL-37b
gene transfer enhances the therapeutic effi-
cacy of mesenchumal stromal cells in DSS-in-
duced colitis mice. Acta Pharmacol Sin 2015;
36: 1377-1387.

Luz-Crawford P, Kurte M, Bravo-Alegria J, Con-
treras R, Nova-Lamperti E, Tejedor G, Noel D,
Jorgensen C, Figueroa F, Djouad F and Carrion
F. Mesenchymal stem cells generate a
CD4+CD25+Foxp3+ regulatory T cell popula-
tion during the differentiation process of Thl
and Th17 cells. Stem Cell Res Ther 2013; 4:
65.

[46]

[47]

(48]

[49]

[50]

Yagi H, Soto-Gutierrez A, Parekkadan B, Kitaga-
wa Y, Tompkins RG, Kobayashi N and Yarmush
ML. Mesenchymal stem cells: mechanisms of
immunomodulation and homing. Cell Trans-
plant 2010; 19: 667-679.

Braza F, Dirou S, Forest V, Sauzeau V, Hassoun
D, Chesne J, Cheminant-Muller MA, Sagan C,
Magnan A and Lemarchand P. Mesenchymal
stem cells induce suppressive macrophages
through phagocytosis in a mouse model of
asthma. Stem Cells 2016; 34: 1836-1845.
Eggenhofer E, Benseler V, Kroemer A, Popp FC,
Geissler EK, Schlitt HJ, Baan CC, Dahlke MH
and Hoogduijn MJ. Mesenchymal stem cells
are short-lived and do not migrate beyond the
lungs after intravenous infusion. Front Immu-
nol 2012; 3: 297.

Gonzalez MA, Gonzalez-Rey E, Rico L, Buscher
D and Delgado M. Adipose-derived mesenchy-
mal stem cells alleviate experimental colitis by
inhibiting inflammatory and autoimmune re-
sponses. Gastroenterology 2009; 136: 978-
989.

Chen QQ, Yan L, Wang CZ, Wang WH, Shi H, Su
BB, Zeng QH, Du HT and Wan J. Mesenchymal
stem cells alleviate TNBS-induced colitis by
modulating inflammatory and autoimmune re-
sponses. World J Gastroenterol 2013; 19:
4702-4717.

Am J Transl Res 2017;9(9):4149-4160



