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The opioid receptors play important roles in the regulation of sense and emotions.
Although it is recently revealed that opioid receptors are also expressed in various cells,
but not restricted in the central nervous system, the effects of opiocids on peripheral
immune cells are largely unknown. In the current study, we evaluated the effect of opioids
on immune system by using selective agonists for & opioid receptor. Systemic
administration of KNT-127 or intraperitoneal injection of YNT-2715 (a KNT-127-related
compound that cannot pass through the blood-brain barrier) significantly alleviated the
pathology of dextran sodium sulfate-induced colitis. In KNT-127-treated mice, the levels
of an inflammatory cytokine IL-6 in the serum, and macrophages in the mesenteric lymph
nodes (MLNs) were decreased in the progression stage, and those of regulatory T cells
(Tregs) in the MLLN were increased in the recovery stage. In vitro experiments revealed that
KNT-127 inhibited the release of IL-6 and another inflammatory cytokine TNF-o. from
macrophages and accelerated the development of Tregs. Our study suggests that &
opioid agonists act directly on immune cells to improve the pathology of the colitis and can
be candidates of immunomodulatory drugs.

Keywords: DOR, IL-6, Inflammatory bowel disease, macrophage, opioid, Treg

INTRODUCTION

Opioids are substances that control a variety of biological processes, such as pain, itch, emotions,
and autonomous locomotion. Historically, a natural compound, morphine, which is the most
famous opioid extracted from the poppy seed, was used as an anesthetic and analgesics even before
its receptors and the endogenous opioid peptides were discovered. Opioids are classified into three
types in terms of specific receptors: briefly, W, k and §, bind to [ opioid receptor (MOR), ¥ opioid
receptor (KOR), and 8 opioid receptor (DOR), respectively, all of which are highly expressed in the
central nervous system (CNS). The genes encoding opioid receptors and endogenous opioid
peptides were identified in the 1990s (1-4), and the physiological roles of these molecules have
been analyzed by using the gene-targeted mice, with research mainly focusing on the CNS (5-8).
Stimulation of MOR induces the strongest analgesic effect and, in addition, has a large risk of serious
side effects, such as dependence and respiratory depression (7). Although KOR signaling exhibits
analgesic and antipruritic effects without causing dependence or respiratory problems, a certain
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kind of x opioid often induces other kinds of aversion (9). On the
other hand, DOR signaling has an advantage in that it does not
induce apparent adverse reactions except convulsion and
catalepsy, even though the analgesic activity of DOR is
relatively low compared with that of MOR (8). Therefore,
DOR agonists rather than MOR agonists have attracted
attention as target analgesics.

In an analysis using mice with the Oprdl gene (encoding
DOR) or the Penk gene (encoding preproenkephalin, a precursor
peptide of an endogenous ligand for DOR called as enkephalin)
knocked out, the physiological role of the 8 opioid-DOR axis was
revealed, mainly focusing on psychology and ethology. Based on
previous studies demonstrating that Penk knockout (KO) mice
show increased anxiety behavior and aggression (10), and Oprdl
KO mice show increased depression-like behavior (8), DOR has
been considered to be a promising target for antidepressants and
anxiolytics in addition to analgesics. Subsequently, numerous
agonists have been developed. KNT-127 is one of the most active
and selective DOR agonists, as it has high permeability of the
blood-brain barrier without inducing convulsions and catalepsy,
which are caused by some other DOR agonists (11). Owing to the
development of KNT-127, the physiology of DOR has been
further analyzed, and it was revealed that DOR is involved in
memory and feeding (12-14). However, the effects of KNT-127
on peripheral tissues other than the CNS have not been clarified.

The association between opioid receptors and the immune
system has been suggested in previous studies on morphine (15-
17). Epidemiological studies have revealed that patients treated
with morphine are vulnerable to bacterial and viral infections
and tend to have progression of some kinds of cancer (18-20). It
was also reported that morphine and endogenous opioids
modulate immune cell functions in vitro (15, 16, 21-24).
Although these observations indicate that opioid receptors are
involved in immune responses, the details for the roles of opioid
receptors in immune regulation are largely unknown.

Here, we investigated how a & opioid, KNT-127, affects the
pathology of dextran sodium sulfate (DSS)-induced colitis and
found that KNT-127 administration improved the colitis
condition by regulating immune responses. The current study
demonstrates that DOR agonists could be promising candidates
of immunomodulatory drugs.

MATERIALS AND METHODS

Mice

C57BL/6 mice were purchased from Japan SLC (Hamamatsu, Japan).
Mice were maintained under specific pathogen-free conditions. All
animal experiments were performed in accordance with the
guidelines of the Institutional Review Board of Tokyo University of
Science. The current study was specifically approved by the Animal
Care and Use Committees of Tokyo University of Science: K21004,
K20005, K19006, K18006, K17009, and K17012.

Induction and Assessment of DSS-
Induced Colitis

Female mice (6 weeks old) were given 2.5% (w/v) DSS, (#160110,
MP Biomedicals, Santa Ana, USA) in their drinking water for 8

days. Mice were injected intraperitoneally (i.p. injection) with 5 mg/
kg KNT-127 or YNT-2715, which was solubilized in saline, every 3
days beginning 3 days before DSS administration.
Intracerebroventricular (i.c.v.) administration was performed with
a microsyringe (#702LT, HAMILTON, Bonaduz, Switzerland) and
an animal testing injection needle (two-step needle 2 mm, Natsume
Seisakusho, Tokyo, Japan). Changes in weight were determined by
weighing mice daily, and disease activity index (DAI) score (25)
assessment was conducted every other day based on Table 1. In the
recovery model, mice were maintained with 2.5% DSS water for 8
days and with normal water for an additional 4 days. KNT-127 or
saline was 1.p. injected into mice not treated with DSS every 3 days
for 14 days to evaluate the effect of KNT-127 on leukocyte
populations in the spleen. At sacrifice, we harvested the colon,
spleen, mesenteric lymph nodes (MLNs), and blood to measure
colon length, extract mRNA, collect leukocytes, and determine
cytokine concentrations, respectively.

Cells

Bone marrow-derived macrophages (BMDMs) were generated
from bone marrow cells harvested from male mice as previously
described (26). Briefly, hemolyzed whole-bone marrow cells were
cultured in RPMI 1640 medium (#R8758, Sigma-Aldrich, St.
Louis, USA) containing 10% FCS (#51820, Biowest, Nuaille,
France), 100 U/mL penicillin, 100 pg/mL streptomycin, 100
UM 2-ME, 10 uM minimum nonessential amino acid solution,
100 mM sodium pyruvate, 10 mM HEPES and 20 ng/mL mM-
CSF (#135-14391, Wako, Osaka, Japan) for 6 days. To stimulate
BMDMs, 100 ng/mL lipopolysaccharide (LPS) (#13024, Wako)
was added to the culture supernatant. Naive CD4" T cells were
isolated from the mouse spleen with the MojoSort Mouse Naive
CD4" T Cell Isolation Kit (#480040, BioLegend, San Diego, USA)
and were maintained in RPMI-based medium (the same medium
as that used for BMDM generation but not containing M-CSF) in
a plate coated with anti-CD3e (clone; 145-2111C, BioLegend)
and anti-CD28 (clone; 37.51, TONBO Bioscience) antibodies for
3 days. For the Treg-polarizing conditions, medium containing 3
ng/mL TGF-B1 (#763102, BioLegend) was used.

Flow Cytometry

Whole splenocytes and MLN cells were stained with the
following antibodies (Abs) to identify dendritic cells (DCs),
macrophages, and regulatory T cells (Tregs): anti-CD11c-PE/
Cyanine7 (clone; N418, TONBO Biosciences), anti-I-A/I-E-
PerCP (clone; M5/114.15.2, BioLegend), anti-CD11b-APC-
Cyanine7 (clone; M1/70, TONBO Bioscience), anti-F4/80-PE
(clone; REA126, Miltenyi Biotec, Bergisch Gladbach,
Germany), anti-CD3e-PerCP (clone; 145-2C11, BioLegend),

TABLE 1 | Criteria of clinical index.

Score Weight loss Diarrhea Blood in the stool
0 ~1% Hard Negative

1 2~5% Soft Fecal occult blood

2 6 ~10% Loose Bloody stool (~ 49%)
3 10 ~ 15% Muddy Bloody stool (50% ~)
4 15% ~ Watery Flesh blood
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anti-CD4-FITC (clone; GK1.5, BioLegend), anti-CD64-PerCP/
Cyanine5.5 (clone; X54-5/7.1, BioLegend), anti-Gr-1-FITC
(clone; RB6-8C5, BioLegend), anti-CD19-PE/Cyanine7 (clone;
6D5, BioLegend). For Foxp3 staining, an anti-Foxp3-APC Ab
(clone; 3G3, TONBO Bioscience) and the Foxp3/Transcription
Factor Staining Buffer Kit (#TNB-0607-KIT, TONBO Biosciences)
were used according to the manufacturer’s instructions.
Intracellular staining was also performed to detect IFN-y, IL-6,
and IL-17A in CD4" T cells using anti-IFN-y-PE/Cyanine7 (clone;
XMG]1.2,BioLegend, anti-IL-6-APC (clone; MP5-20F3, BioLegend,
and anti-IL-17A-APC/Cyanine7 (clone; TC11-18H10.1,
BioLegend). To detect DOR, anti-Delta Opioid Receptor Ab
(rabbit mAb #EPR5029 (2), abcam, USA) and FITC-conjugated
Affinipure Goat Anti-Rabbit IgG(H+L) (#SA00003-2, Proteintech
Group Inc., IL, USA) were used. Fluorescence was detected by a
MACS Quant Analyzer (Miltenyi Biotec) and analyzed with Flowjo
(Tomy Digital Biology, Tokyo, Japan).

Quantitative RT-PCR

Total RNA was extracted from colon tissue and brain tissue using
ISOGEN (#311-07361, Nippongene, Tokyo, Japan) and from
BMDMs using the ReliaPrep RNA Cell Miniprep System
(#26012, Promega, Madison, USA). After cDNA was
synthesized from the isolated RNA by reverse transcription
(RT) using ReverTra Ace qPCR RT Master Mix (#FSQ-201,
TOYOBO, Osaka, Japan), real-time quantitative PCR was
performed with Thunderbird SYBR qPCR Mix (#QPS-201,
TOYOBO) on the StepOne Real-Time PCR System (Applied
Biosystems, Kanagawa, Japan). The nucleotide sequences of the
primer sets used to detect specific genes are shown in Table 2.

ELISA

The concentrations of TNF-o and IL-6 were determined with
ELISA MAX Deluxe Set Mouse kits (#430904 for TNF-o,
#4313004 for IL-6, BioLegend). A mouse C-Reactive Protein/

CRP Quantikine ELISA kit (#MCRP00, R&D Systems Inc., MN,
USA) was used to measure the serum CRP concentration.

Statistical Analysis

A two-tailed Student’s t-test was used to compare two samples
(Figures 4D, F, 5B, Supplementary Figure 3) and one-way
ANOVA followed by Dunnett’s multiple comparisons test was
employed to compare multiple samples to the corresponding
control (Figures 1-3, Figures 4A-C, E, 6B, D, Supplementary
Figure 1, Supplementary Figure 2, and Supplementary
Figure 5). We used Turkey’s multiple comparison test in
Figure 2F. P values < 0.05 were considered significant.

RESULTS

Systemic Administration of the é Opioid
Receptor Agonist KNT-127 Alleviates the
Pathology of DSS-Induced Colitis

We first verified the effect of systemic administration (i.p. injection)
ofthe DOR agonist KNT-127 on inflammatory bowel disease (IBD)
using mouse colitis models (Figure 1A). The pathology of DSS-
induced colitis is characterized by monitoring body weight; the
length of the colon, which reflects the fibrosis level; and DAI scores,
which are calculated from the degrees of weight loss, diarrhea, and
blood in the stool. As a result of analyzing weight changes over 9
days, we found that the DSS-induced weight loss was slightly but
significantly relieved in mice treated with KN'T-127 (Figure 1B left).
In addition, the DAI score, indicating the severity of colitis, was
apparently improved by KNT-127 administration (Figure 1B
right). Furthermore, measurement of colon length at sacrifice
(day 8) revealed that the atrophy caused by DSS was reduced in
KNT-127-treated mice (Figures 1C, D). The beneficial effect of
KNT-127 was also observed in a colitis recovery model

TABLE 2 | Nucleotide sequences of primers used in quantitative PCR.

gene Forward Reverse

Defa 5’-ggctgtgtctgtctectttgg-3’ 5’-gatctctcgacgatttttcatgaa-3’
Lypd8 5’-tggctggacccagaaggat-3’ 5’-tcaggacctggctagcagaca-3’
Reg3b 5’-cagaactggcctgccaaaa-3’ 5’-gcgctattgagcacagatacga-3’
Cah1 5’-tcgccctgetgattctgate-3 5’-ggctetttgaccaccgttctc-3’
Cldnd1 5’-ccgtagcatcttggageagtct-3’ 5’-caatcacaaacgcagtagcaaaa-3’
Ocell 5’-ctcctgcaggctctecacat-3’ 5’-tccetgcttectgecagatg-3’
Tofb1 5’-gctgaaccaaggagacggaat-3’ 5’-tttgctgtcacaagagcagtga-3’
Vegfa 5’-aagccagaaaaaaaatcagttcga-3’ 5’-gggatttcttgegcetttcg-3’
Vegfd 5’-agaccccagaagaagatgaatgtc-3’ 5’-atcccacagcatgtcaatagga-3’
Tnf 5’-agggatgagaagttcccaaatg-3’ 5’-tgtgagggtctgggccata-3’

16 5’-aatcgtggaaatgagaaaagagttg-3’ 5’-agtgcatcatcgttgttcatacaa-3’
Oprm 5’-ggtctgcccgtaatgttcatg-3’ 5’-aacgtgagggtgcaatctatg-3’
Oprk 5’-atagtccttggaggcaccaaa-3’ 5’-ggaaactgcaaggagcattca-3’
Oprd 5’-gggcttctgggcaacgt-3’ 5’-ggcggtcttcaatttggtgta-3’
Pomc 5’-ctcaccacggagagcaacct-3’ 5’-tcatctccgttgccaggaa-3’
Pdyn 5’-gccaccctaccacctgatca-3’ 5’-caacgcctetgcttactgett-3°
Penk 5’-tgcagctaccgectggtt-3’ 5’-cagtgtgcacgccaggaa-3’
Gapadh 5’-acgtgccgectggagaa-3’ 5’-gatgcctgcttcaccacctt-3’

Frontiers in Immunology | www.frontiersin.org

September 2021 | Volume 12 | Article 730706


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Nagata et al.

Anti-Inflammatory Effect of a Delta Opioid

R
& -
o |-
!
g
o
6ol
lar:

DAl score

2 100
; 90 v ek
£ 3o

M | T T T T

70 :
012345

% of initial bo

T T T
6 7 8(Day)

o

Untreated

m\

LI length (cm)
O N &b O ® ©ON

-e- Untreated
-= Vehicle
-« KNT-127

Dss

] 2 4 6

8 (Day)

“ &
i A

Dunnett’s multiple comparisons test, vs vehicle). i.p., intraperitoneal.

T
KNT-127

Vehicle
- T T
KNT-127 Untreated Vehicle
DSS -
FIGURE 1 | Effects of KNT-127 on DSS-induced colitis. (A) Mice were given water containing 2.5% DSS to induce colitis starting on day 0, and 5 mg/kg KNT-127
(n=16) or vehicle (n=12) was administered intraperitoneally to the mice every 3 days from day -3 to day 6. Control mice (n=8) were given normal water. (B) The

percentage of body weight to initial one (left). Disease activity index (DAI) scores (right). (C) Images of the colon and cecum on day 8. (D) Length of the large
intestine. Symbol key: O, control; [, vehicle; and A\, KNT-127. The data are shown as the mean + s.e.m. **P < 0.01; ***P < 0.0001 (one-way ANOVA followed by

+

(Supplementary Figures 1A, B). These results suggest that DOR
signaling is involved in the pathology of IBD in mice.

Effects of Systemic Administration of a DOR
Agonist on the Expression of Endogenous
Opioids and Their Receptors in the CNS

In many cases, opioid receptor signaling has been reported to affect
systemic physiology, mainly through the CNS (6, 27, 28). Thus, we
wondered whether the effect of KNT-127 on DSS-induced colitis is
caused by modulation of the CNS. First, to clarify this point, we
examined the possibility that DSS and/or KNT-127 treatment alters
the expression levels of endogenous opioids and their receptors in
the brain of colitis mice and its control mice. As shown in
Figures 2A, B, we determined the mRNA levels of the opioid
receptors Oprm (MOR), Oprk (KOR), and Oprd (DOR) and their
ligand precursors, including Pomc (Pro-opiomelanocortin), Pdyn
(Prodynorphin) and Penk (Proenkephalin) in the whole brain,
which is the main source of endogenous opioids and plays an
important role in the opioid system. Quantitative PCR showed that
neither DSS treatment nor KNT-127 administration caused
significant changes in the mRNA levels of the receptors
(Figure 2A) or agonist precursors (Figure 2B) in the brain.

DOR Signaling in the CNS Is Not Involved
in the DOR Agonist-Mediated Alleviation of
Bowel Inflammation

Next, to further explore the involvement of the CNS in the
KNT-127-mediated improvement in bowel inflammation,

we investigated the effects of local injection of different types of
DOR agonists: KNT-127 and YNT-2715 (Figures 2C, E). It was
confirmed that KNT-127 administered intraventricularly at a
dose of 5 ng/mouse did not diffuse out from the brain, whereas
KNT-127 i.p. injected at a dose of 5 mg/kg spread throughout the
whole body (11). Then, we performed i.c.v. infusion of KNT-127
to evaluate the effect of CNS-restricted administration of a DOR
agonist on colitis pathology. As shown in Figure 2D, both the
weight loss and DAI score in DSS-induced colitis were not affected
by i.c.v infusion of KNT-127, suggesting that stimulation of DOR
signaling in the CNS is not involved in the improvement in bowel
inflammation in the mouse model. In the next experiment, we used
YNT-2715, the second DOR agonist investigated in the current
study, which cannot pass through the blood-brain barrier, unlike
KNT-127, because of the relatively low hydrophobicity of YNT-
2715, which carries methyl iodide (29, 30). The DSS-induced
decrease in body weight and increase in the DAI score were
significantly alleviated by ip. administration of KNT-127, as
observed in Figure 1 (blue triangles in Figure 2F). In this
experimental condition, we found that the i.p. administration of
YNT-2715, which is expected to diffuse into the CNS at only very
low levels, effectively recovered the weight loss and DAI score (red
inverted triangles in Figure 2F), as observed with i.p. injection of
KNT-127. Furthermore, we found that pre-treatment of colitis mice
with a DOR antagonist just before injection of KNT-127 suppressed
the recovery degree, suggesting that KNT-127 causes the
improvement of colitis in the DOR-dependent manner (data not
shown). These results demonstrate that the DOR signaling in the
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CNSisnot required for the DOR agonist-mediated improvement in
DSS-induced colitis.

Expression Profiles of Genes Involved

in Antibacterial and Barrier Functions

in the Colon

The abovementioned results indicate the possibility that DOR
agonists suppress bowel inflammation by affecting gene
expression and/or cell function in peripheral tissues rather
than modulating CNS-dependent regulation. To elucidate the
mechanism by which DOR agonists relieve disease, we examined
the gene expression profile of lesional colon tissue from the DSS-
induced colitis mice. It has been reported that antimicrobial
peptides, tight junction-related molecules, and growth factors

expressed in colonic epithelial cells contribute to defense against
colitis by inhibiting the infiltration of intestinal bacteria from the
lumen (31-36). When we determined the mRNA levels of
antimicrobial peptides in colon tissue, we found that the
mRNA level of the inflammation-induced antimicrobial
peptide Reg3b was increased by DSS administration but not
affected by the additional administration of KNT-127, and that
the mRNA levels of the constitutive peptides Derfa (o.-defensin)
and Lypd8 (Lypd8) were comparable among the three groups
(Figure 3A), suggesting that KNT-127 did not enhance the
release of these antimicrobial peptides. Similarly, the mRNA
levels of the tight junction components Cldndl (Claudin domain
containing 1) and Ocell (Occludin/ELL domain containing 1),
and those of the growth factors Tgfbl (TGF-B1), Vegfa (VEGF),
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and Vegfd (FIGF) were not increased by KNT-127 treatment
(Figures 3B, C). Although a significant change in the expression
of Cdhl (E-cadherin) was caused by KNT-127, considering that
E-cadherin has a protective role in colitis (32), the decrease in
Cdhl mRNA expression observed in KNT-127-treated mice was
probably not the cause of the relief but reflected the reduction in
inflammation (Figures 3A-C). Moreover, we confirmed that
KNT-127 treatment did not cause significant changes in the
expression of these molecules in the colitis recovery model
(Supplementary Figures 2A-C) and that KN'T-127 administration
to healthy mice did not affect the expression of these molecules
(Supplementary Figures 3A-C). These data indicate that KNT-127
exerts a beneficial effect on colitis through cells other than colonic
epithelial cells.

Effects of KNT-127 Treatment on the
Immune System In Vivo

Since immune system-mediated inflammatory responses play key
roles in colitis, we next analyzed the expression of inflammatory
cytokines and populations of leukocytes in mice. The inflammatory
cytokines TNF-ot and IL-6 are well-known therapeutic targets in
IBD that contribute to the deterioration of the colitis condition (37).
Therefore, we first determined the mRNA levels of Tnf (TNF-o)

and 16 (IL-6) in colon tissue. As expected, the mRNA levels of Tnf
and Il6 were markedly increased in colitis mice (Figure 4A).
Although KNT-127 did not exhibit significant effects on the
mRNA expression of Tnf, II6 mRNA levels tended to decrease in
KNT-127-treated mice (Figure 4A). Accordingly, we measured the
concentration of the IL-6 protein in serum, and found that the
serum IL-6 concentration was obviously increased with the onset of
the colitis and then significantly suppressed by KNT-127
administration (Figure 4B). In addition, we found that the serum
concentration of CRP, which is synthesized in the liver upon IL-6
stimulation and is known as a common clinical parameter, tended
to be suppressed by KNT-127-treatment (Figure 4B). Although the
effect of KNT-127 was not significant in the recovery model, similar
tendency was observed in the serum IL-6 concentrations, and
mRNA levels of cytokines in the colon (Supplementary
Figures 1C, D). To further clarify the mechanism by which
serum IL-6 levels were downregulated in KNT-127-treated mice,
we evaluated the populations of macrophages and DCs, which are
the major sources of IL-6 (38, 39), in lymphoid organs by using flow
cytometry. Although KNT-127 treatment did not affect the
populations of macrophages or DCs in the spleen (data not
shown) and DCs in the MLNs of colitis mice (Figure 4C), the
macrophage population in the MLNs was apparently increased by
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DSS treatment and then tended to decrease in response to
additional treatment with KNT-127 (Figure 4C). It is reported
that the composition of immune cells drastically changed in the
intestine under inflammatory conditions and CD64*/CD11¢" is a
useful marker to distinguish inflammatory macrophages from other
monocytes (40). Therefore, we performed a flow cytometry using
anti-CD64 Ab and found that the numbers of CD64*/CD11c" cells
in the MLNs of colitis mice were decreased by KNT-127 treatment
(Figure 4D). This may suggest that KNT-127 regulates the
migration of activated macrophages. When we analyzed the
leukocyte population in the MLNs in the colitis recovery model,
we found that the frequency of Tregs was slightly decreased in DSS-
treated mice and significantly increased in KNT-127-treated mice
(Figure 4E), whereas KNT-127 treatment did not affect the
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FIGURE 4 | Changes in the immune system. (A) mRNA levels of Thf and /6. The mRNA expression of each gene of interest was normalized to that of GAPDH by
calculation of cycle threshold values. (B) Serum was collected from colitis mice, and the concentrations of IL-6 and CRP were measured by ELISA. (C) The
population of macrophages (F4/80*CD11b* cells) in the MLNs was evaluated by flow cytometry. (D) The frequency of CD64*/CD11c” cells in the MLNs of colitis
mice. (E) The population of Tregs (CD3e"CD4 Foxp3™ cells) in the MLNs was evaluated by flow cytometry. (F) The populations of DCs (CD11c*MHCII™ cells),
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frequency of other CD4" T cell subtypes (Supplementary
Figure 4). Considering that macrophages and Tregs in the MLNs
are strongly associated with the degree of inflammation in the colon
(41, 42), these results indicate that KNT-127 suppresses
macrophage-mediated inflammation in the progression stage of
colitis and enhances the Treg-mediated anti-inflammatory
response in the recovery stage.

To examine whether KNT-127 modulates the localization of
immune cells, we administered KNT-127 to mice not treated with
DSS. As shown in Figure 4F, KNT-127 administration remarkably
affected the populations of DCs, macrophages, and Tregs in the
spleen. Briefly, the frequencies of DCs and macrophages were
significantly decreased by KNT-127 treatment; conversely, that of
Tregs was significantly increased (Figure 4F). These results suggest
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that systemic administration of KNT-127 affects the localization
and/or development of immune cells.

Above-mentioned results suggest that immune cells in the
intestine directly responded to KNT-127. To clarify whether
these cells express DOR on their surface to receive the signaling
from KNT-127, we performed flow cytometry using anti-DOR
Ab. As shown in Figure 5A, although the expression levels of
DOR on hematopoietic cells isolated from the spleen were low,
apparent expression of DOR was detected on immune cells from
the MLNS, especially macrophages, CD11b* DCs, neutrophils,
and B cells. The expression levels of DOR on macrophages,
neutrophils, and B cells in MLNs of colitis mice were lower than
those of non-DSS-treated mice, whereas the DOR expression
levels on DCs were not decreased by DSS-treatment (Figure 5B).
Although the mechanism by which DSS treatment suppressed
the expression of DOR on several immune cells is not revealed,
considering that KNT-127 treatment further reduced the
expression level of DOR on macrophages of colitis mice, the
reduced expression levels of DOR on macrophages of colitis mice
may be enough to respond to KNT-127.

KNT-127 Suppresses Cytokine Release by
Macrophages and Accelerates Treg
Development In Vitro

Finally, we performed in vitro experiments to clarify the direct
effects of KNT-127 on immune cells. To evaluate the effect of KNT-
127 on macrophages, we generated BMDMs. RT-PCR confirmed

that BMDMs expressed apparent levels of mRNA transcripts
encoding KOR and DOR (Figure 6A). Then, we determined the
amounts of TNF-o.and IL-6 secreted from LPS-stimulated BMDMs
treated with KNT-127 at the indicated concentration. As shown in
Figure 6B, KNT-127 suppressed the LPS-induced production of
TNF-o and IL-6 by BMDMs in a dose-dependent manner.

We also investigated the effect of KNT-127 on the development
of Tregs by monitoring the frequency of Foxp3™ cells ina CD4" T
cell population. When naive CD4" T cells isolated from the mouse
spleen were cultured in TGEF-B-supplemented medium, the
population of Tregs characterized as Foxp3*/CD4" was increased
on day 3 (Figure 6C). Under this experimental condition, the
addition of KNT-127 to the culture medium dramatically increased
the frequency of Tregs, whereas the promotive effect of KNT-127
was not observed under the nonpolarizing condition (Figures 6C,
D). This observation suggests that KNT-127 can strongly promote
the differentiation of naive CD4" T cells into Tregs under polarizing
conditions. Overall, KNT-127 directly regulates the function of
immune cells, briefly suppresses the release of inflammatory
cytokines by macrophages and accelerates the development of
Tregs, which could be the probable mechanism of colitis relief.

DISCUSSION

The involvement of opioids in immune responses has been
suggested by epidemiological studies and in vitro analyses of
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morphine (15, 23). However, the molecular mechanism by which
opioids affect immune-related disorders is largely unknown,
mainly due to the problem related to the receptor type
selectivity of opioids. For example, morphine, which mainly
targets MOR, also cross reacts with DOR. In the current study,
we used KNT-127, which was developed as a DOR selective
agonist (11). The systemic administration of KNT-127 via i.p.
injection significantly suppressed DSS-induced colitis, whereas
mice intraventricularly injected with KNT-127 did not show any
improvement in colitis. In contrast, i.p. injection of the
peripheral § opioid YNT-2715, which cannot pass through the
blood-brain barrier, reduced the pathology of colitis, suggesting
that the DOR agonists ameliorate colitis without modulating the
CNS (Figure 7 top). We also found that the induction of colitis
and treatment with a DOR agonist did not affect the expression
levels of opioid receptors or endogenous opioids in the CNS, which
may support the noninvolvement of the CNS in the effect of KNT-
127 on the colitis. Determination of the expression levels of opioid
peptide-processing enzymes and activated opioid peptides is
required to further exclude the possible involvement of the CNS
in colitis relief (43). Although KNT-127 possesses antianxiety,
antidepressant, and analgesic effects (11-13), considering that
intraventricular administration of KNT-127 did not cause an
apparent effect on colitis, the regulation of behavior and
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psychology by KNT-127 was not the main cause of the observed
colitis improvement; & opioids improved colitis by acting on
peripheral tissues and/or cells in the current study.

IBD is a condition in which inflammation develops in the
gastrointestinal tract, which is associated with sores and ulcers,
and has two distinct types; Crohn’s disease and ulcerative colitis
(44). DSS-induced colitis is a model of ulcerative colitis and is
generally used to elucidate the pathology of IBD and evaluate
therapeutics (25). Regarding the pathology of DSS-induced
colitis, it has been shown that the immune system is a
participant, that is, in most cases, the immune response is
involved in the exacerbation of colitis-inducing inflammatory
cytokines and various chemokines (37, 45, 46).

Recently, a study analyzing the colonic visceromotor response of
full or primary afferent neuron-specific KO of Oprd or Oprk was
reported (47). Although Oprd” mice showed an increased
visceromotor response to colorectal distension (CRD) under
normal conditions, neither full KO nor conditional KO (cKO) of
DOR affected the expression levels of opioid-related molecules and
cytokines in the distal colon or aggravated DSS-induced colon
hypersensitivity, as shown by the CRD index. The observation that
whole-body deletion of DOR did not cause apparent effects on the
expression of opioid receptors or their endogenous ligands in the
colon (47) may be consistent with our result that the expression of
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opioid-related genes in the CNS was not affected by a systemic
administration of KNT-127. Furthermore, the mRNA levels of
antimicrobial peptides, growth factors, and tight junction-related
molecules, which are known to participate in the pathology of colitis
(31-36) were comparable between the vehicle group and KNT-127-
treated group, which may also be consistent with DOR deletion no
affecting DSS-induced colon hypersensitivity. Considering that
DOR expression levels on several immune cells in MLNs were
reduced in colitis mice, and that of macrophages was further
decreased by KNT-127-treatment, detailed analyses including

determination of the protein levels in isolated cells rather than
mRNA levels in whole tissues may be required to evaluate the effect
of DOR-signaling and/or DSS-treatment on the expression of
endogenous opioids and opioid receptors in the CNS and in
the colon.

A certain amount of DORs is expressed in the intestinal tract,
especially in the nerve fibers of the mucosal lamia propria and
muscle layer, which are involved in the inhibition of mucus
secretion and intestinal peristalsis (48, 49). Nevertheless,
considering that the activation of DOR in the intestinal tract

Frontiers in Immunology | www.frontiersin.org

September 2021 | Volume 12 | Article 730706


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Nagata et al.

Anti-Inflammatory Effect of a Delta Opioid

suppresses intestinal peristalsis and reduces mucus secretion, KNT-
127 in the intestine may cause a negative effect on the treatment of
colitis. Briefly, there is a possibility that KNT-127 administration
will elongate the retention of DSS in the intestinal tract, resulting in
exacerbation of colitis rather than improvement due to an increase
in the vulnerability of intestinal barriers, which will reduce the total
effect of KN'T-127 on colitis. Therefore, there is a possibility that the
present result obtained by using DSS-induced colitis model
underestimated the actual value of KNT-127 expected in IBD. It
may be constructive to further evaluate the effect of KNT-127
administration on colitis by using another colitis model, such as T
cell transfer into T cell-deficient mice, which is an acquired
immunity-dependent model.

In the current study, we found that significant changes in
immune-related molecules and cells were caused by KNT-127
administration. The IL-6 concentration in the serum was
decreased by KNT-127 administration, and in agreement, in
vitro experiments revealed that KNT-127 inhibited the IL-6 and
TNF-a production by LPS-stimulated macrophages. Moreover,
the number of macrophages in the second lymphoid organs, one
of the main sources of IL-6 (38, 39), was reduced in KNT-127-
treated mice. Since the development and growth of BMDMs were
not affected by KNT-127 (data not shown), the migratory ability
of macrophages could be inhibited by KNT-127. The chemokine
receptors involved in chemotaxis (50) are classified as G-protein
coupled receptors (GPCRs), and all opioid receptors are GPCRs.
GPCRs are known to be taken into the cytosol via endocytosis
following by ligand binding (51, 52). Interestingly, the ligand-
mediated GPCR internalization is caused by low specificity, and
opioids and chemokines promote the intake of each other,
resulting in signal desensitization (53). Thus, it is likely that
KNT-127 reduces macrophage migration into the MLNs by
modulating the function of chemokine receptors.

The presence of KNT-127 increased the population of Tregs in
vivo and in vitro. KNT-127 strongly promoted naive CD4" T cell
differentiation into Tregs in polarizing conditions in vitro. In
addition, KNT-127 administration raised the population of Tregs
in the spleen of healthy mice and in the MLNs of the colitis mice in
the recovery phase, where are expected to be under Treg polarizing
conditions; by contrast, the population was not altered in the colitis
developing mice (Supplementary Figure 5), which is under
inflammatory conditions. These observations may suggest that
KNT-127 promotes differentiation toward the Treg phenotype
under inducible conditions. Foxp3 is a transcription factor known
to be a critical factor for the differentiation and maintenance of
Tregs that is induced by TGF-f3 (54). Foxol, which is a transcription
factor involved in Foxp3 expression (55, 56), is reported to be
activated by GPCR signaling (57, 58). Therefore, KNT-127 may
facilitate the expression of Foxp3 via DOR in T cells. Epigenetic
mechanisms are also crucial for the development of Tregs (59, 60).
To clarify whether epigenetic regulations are involved in the
acceleration of Treg development observed in the current study,
the experiments investigating the degrees of histone acetylation and/
or DNA methylation of KNT-127-treated Tregs may be useful.

In conclusion, we have shown that a DOR agonist, KNT-127,
improves the pathology of DSS-induced colitis by regulating immune

cells (Figure 7 bottom). This study provides evidence that opioid
drugs have the potential to be developed into immunomodulatory
drugs. From the point of view of a translational medicine, we are
going to perform further detailed analyses to clarify the molecular
mechanisms by which opioid drugs modulate the function and
development of immune cells and to evaluate the effects of opioid
drugs on other immune-related diseases.
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Supplementary Figure 1 | Effects of KNT-127 on a colitis recovery model. (A) Mice
were given water containing 2.5% DSS to induce colitis from day O to day 8, and 5mg/
kg KNT-127 (n=8) or vehicle (n=8) was administered intraperitoneally to the mice every
3 days from day -3 to day 9. Control mice (n=8) were given normal water. (B) The
percentage of body weight to initial one. (C) Serum concentration of IL-6. (D) mRNA
levels of Tnfand 116 in colon. Symbol key; O, control; [, vehicle; and A\, KNT-127. The
data are shown as the mean+s.e.m. *P < 0.05; *P < 0.01; ***P < 0.0001; n.s., not
significant (one-way ANOVA followed by Dunnett’s multiple comparisons test, vs vehicle).
i.p.; intraperitoneal.

Supplementary Figure 2 | Changes in intestinal factors (colitis recovery model).
The colon was collected from colitis mice on day 12. The mRNA expression of each

REFERENCES

1. Evans CJ, Keith DE, Morrison H, Magendzo K, Edwards RH. Cloning of a
Delta Opioid Receptor by Functional Expression. Science (1992) 258
(5090):1952-5. doi: 10.1126/science.1335167

2. Kieffer BL, Befort K, Gaveriaux-Ruff C, Hirth CG. The Delta-Opioid
Receptor: Isolation of a cDNA by Expression Cloning and Pharmacological
Characterization. Proc Natl Acad Sci U S A (1992) 89(24):12048-52.
doi: 10.1073/pnas.89.24.12048

3. Chen Y, Mestek A, Liu J, Hurley JA, Yu L. Molecular Cloning and Functional
Expression of a Mu-Opioid Receptor From Rat Brain. Mol Pharmacol (1993)
44(1):8-12.

4. Chen Y, Mestek A, Liu J, Yu L. Molecular Cloning of a Rat Kappa Opioid
Receptor Reveals Sequence Similarities to the Mu and Delta Opioid
Receptors. Biochem ] (1993) 295( Pt 3):625-8. doi: 10.1042/bj2950625

5. Simonin F, Valverde O, Smadja C, Slowe S, Kitchen I, Dierich A, et al.
Disruption of the Kappa-Opioid Receptor Gene in Mice Enhances Sensitivity
to Chemical Visceral Pain, Impairs Pharmacological Actions of the Selective
Kappa-Agonist U-50,488H and Attenuates Morphine Withdrawal. EMBO ]
(1998) 17(4):886-97. doi: 10.1093/emboj/17.4.886

6. Matthes HW, Maldonado R, Simonin F, Valverde O, Slowe S, Kitchen I, et al.
Loss of Morphine-Induced Analgesia, Reward Effect and Withdrawal
Symptoms in Mice Lacking the Mu-Opioid-Receptor Gene. Nature (1996)
383(6603):819-23. doi: 10.1038/383819a0

7. Sora I, Takahashi N, Funada M, Ujike H, Revay RS, Donovan DM, et al.
Opiate Receptor Knockout Mice Define Mu Receptor Roles in Endogenous
Nociceptive Responses and Morphine-Induced Analgesia. Proc Natl Acad Sci
US A (1997) 94(4):1544-9. doi: 10.1073/pnas.94.4.1544

8. Zhu Y, King MA, Schuller AG, Nitsche JF, Reidl M, Elde RP, et al. Retention
of Supraspinal Delta-Like Analgesia and Loss of Morphine Tolerance in Delta
Opioid Receptor Knockout Mice. Neuron (1999) 24(1):243-52. doi: 10.1016/
50896-6273(00)80836-3

9. Bechara A, van der Kooy D. Kappa Receptors Mediate the Peripheral Aversive

Effects of Opiates. Pharmacol Biochem Behav (1987) 28(2):227-33.

doi: 10.1016/0091-3057(87)90219-x

Konig M, Zimmer AM, Steiner H, Holmes PV, Crawley JN, Brownstein MJ,

et al. Pain Responses, Anxiety and Aggression in Mice Deficient in Pre-

Proenkephalin. Nature (1996) 383(6600):535-8. doi: 10.1038/383535a0

Nagase H, Nemoto T, Matsubara A, Saito M, Yamamoto N, Osa Y, et al.

Design and Synthesis of KNT-127, A 3-Opioid Receptor Agonist Effective by

Systemic Administration. Bioorg Med Chem Lett (2010) 20(21):6302-5.

doi: 10.1016/j.bmcl.2010.08.083

10.

11.

gene of interest was normalized to that of GAPDH by calculation of cycle threshold
values. (A) mRNA levels of antimicrobial peptides. (B) mRNA levels of tight junction
proteins. (C) mMRNA levels of tissue restoration factors. The data are shown as the
mean+s.e.m. **P < 0.01; **P < 0.001; ***P < 0.0001; n.s., not significant (one-way
ANOVA followed by Dunnett’s multiple comparisons test, vs vehicle).

Supplementary Figure 3 | Changes in intestinal factors (control mice). The colon
was collected from healthy mice 24 h after treatment with 5 mg/kg KNT-127 or
vehicle. The mRNA expression of each gene of interest was normalized to that of
GAPDH by calculation of cycle threshold values. (A) mRNA levels of antimicrobial
peptides. (B) mMRNA levels of tight junction proteins. (C) mMRNA levels of tissue
restoration factors. The data are shown as the mean+s.e.m. n.s., not significant
(Two-tailed Student’s t-test).

Supplementary Figure 4 | Frequency of CD4+ T cell subtypes in the MLNs
(colitis recovery model). The MLNs were collected from colitis mice on day 12. The
frequencies of IL-6"-, IFN-g*-, or IL-17A*-CD4" T cells were determined by flow
cytometry. (A) Gating strategies. (B) Typical profiles of flow cytometry (top) and
frequencies of cytokine-expressing cells (bottom; n = 3).

Supplementary Figure 5 | Frequency of Tregs in the MLNs of the colitis
developing mice. The MLNs were collected from colitis mice on day 8. Gating
strategy was same as that in Figure 4E. “P < 0.05; n.s., not significant (one-way
ANOVA followed by Dunnett’s multiple comparisons test, vs vehicle).

12. Saitoh A, Yamada M. Antidepressant-Like Effects of 8 Opioid Receptor
Agonists in Animal Models. Curr Neuropharmacol (2012) 10(3):231-8.
doi: 10.2174/157015912803217314

Tkeda H, Ardianto C, Yonemochi N, Yang L, Ohashi T, Ikegami M, et al.
Inhibition of Opioid Systems in the Hypothalamus as Well as the Mesolimbic
Area Suppresses Feeding Behavior of Mice. Neuroscience (2015) 311:9-21.
doi: 10.1016/j.neuroscience.2015.10.002

Sugiyama A, Yamada M, Furuie H, Gotoh L, Saitoh A, Nagase H, et al.
Systemic Administration of a Delta Opioid Receptor Agonist, KNT-127,
Facilitates Extinction Learning of Fear Memory in Rats. ] Pharmacol Sci
(2019) 139(3):174-9. doi: 10.1016/j.jphs.2019.01.002

Casellas AM, Guardiola H, Renaud FL. Inhibition by Opioids of Phagocytosis
in Peritoneal Macrophages. Neuropeptides (1991) 18(1):35-40. doi: 10.1016/
0143-4179(91)90161-b

Nelson CJ, Schneider GM, Lysle DT. Involvement of Central Mu- But Not
Delta- or Kappa-Opioid Receptors in Immunomodulation. Brain Behav
Immun (2000) 14(3):170-84. doi: 10.1006/brbi.1999.0575

Beagles K, Wellstein A, Bayer B. Systemic Morphine Administration
Suppresses Genes Involved in Antigen Presentation. Mol Pharmacol (2004)
65(2):437-42. doi: 10.1124/mol.65.2.437

Wang F, Meng ], Zhang L, Roy S. Opioid Use Potentiates the Virulence of
Hospital-Acquired Infection, Increases Systemic Bacterial Dissemination and
Exacerbates Gut Dysbiosis in a Murine Model of Citrobacter rodentium
Infection. Gut Microbes (2020) 11(2):172-90. doi: 10.1080/19490976.2019.1629237
Wang X, Tan N, Douglas SD, Zhang T, Wang Y], Ho WZ. Morphine Inhibits CD8
+ T Cell-Mediated, Noncytolytic, Anti-HIV Activity in Latently Infected Immune
Cells. J Leukoc Biol (2005) 78(3):772-6. doi: 10.1189/j1b.0305167

Zylla D, Gourley BL, Vang D, Jackson S, Boatman S, Lindgren B, et al. Opioid
Requirement, Opioid Receptor Expression, and Clinical Outcomes in Patients With
Advanced Prostate Cancer. Cancer (2013) 119(23):4103-10. doi: 10.1002/cncr.28345
Gilman SC, Schwartz JM, Milner R], Bloom FE, Feldman JD. Beta-Endorphin
Enhances Lymphocyte Proliferative Responses. Proc Natl Acad Sci USA (1982)
79(13):4226-30. doi: 10.1073/pnas.79.13.4226

Bénard A, Boué ], Chapey E, Jaume M, Gomes B, Dietrich G. Delta Opioid
Receptors Mediate Chemotaxis in Bone Marrow-Derived Dendritic Cells.
J Neuroimmunol (2008) 197(1):21-8. doi: 10.1016/j.jneuroim.2008.03.020
Taub DD, Eisenstein TK, Geller EB, Adler MW, Rogers TJ. Immunomodulatory
Activity of Mu- and Kappa-Selective Opioid Agonists. Proc Natl Acad Sci U S A
(1991) 88(2):360-4. doi: 10.1073/pnas.88.2.360

Caroleo MC, Arbitrio M, Melchiorri D, Nistico G. A Reappraisal of the Role of
the Various Opioid Receptor Subtypes in Cell-Mediated Immunity.
Neuroimmunomodulation (1994) 1(2):141-7. doi: 10.1159/000097148

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Frontiers in Immunology | www.frontiersin.org

September 2021 | Volume 12 | Article 730706


https://www.frontiersin.org/articles/10.3389/fimmu.2021.730706/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.730706/full#supplementary-material
https://doi.org/10.1126/science.1335167
https://doi.org/10.1073/pnas.89.24.12048
https://doi.org/10.1042/bj2950625
https://doi.org/10.1093/emboj/17.4.886
https://doi.org/10.1038/383819a0
https://doi.org/10.1073/pnas.94.4.1544
https://doi.org/10.1016/s0896-6273(00)80836-3
https://doi.org/10.1016/s0896-6273(00)80836-3
https://doi.org/10.1016/0091-3057(87)90219-x
https://doi.org/10.1038/383535a0
https://doi.org/10.1016/j.bmcl.2010.08.083
https://doi.org/10.2174/157015912803217314
https://doi.org/10.1016/j.neuroscience.2015.10.002
https://doi.org/10.1016/j.jphs.2019.01.002
https://doi.org/10.1016/0143-4179(91)90161-b
https://doi.org/10.1016/0143-4179(91)90161-b
https://doi.org/10.1006/brbi.1999.0575
https://doi.org/10.1124/mol.65.2.437
https://doi.org/10.1080/19490976.2019.1629237
https://doi.org/10.1189/jlb.0305167
https://doi.org/10.1002/cncr.28345
https://doi.org/10.1073/pnas.79.13.4226
https://doi.org/10.1016/j.jneuroim.2008.03.020
https://doi.org/10.1073/pnas.88.2.360
https://doi.org/10.1159/000097148
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Nagata et al.

Anti-Inflammatory Effect of a Delta Opioid

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Perse M, Cerar A. Dextran Sodium Sulphate Colitis Mouse Model: Traps and
Tricks. ] BioMed Biotechnol (2012) 2012:718617. doi: 10.1155/2012/718617
Weischenfeldt ], Porse B. Bone Marrow-Derived Macrophages (BMM):
Isolation and Applications. CSH Protoc (2008) 2008:pdb.prot5080.
doi: 10.1101/pdb.prot5080

Fields HL, Emson PC, Leigh BK, Gilbert RF, Iversen LL. Multiple Opiate
Receptor Sites on Primary Afferent Fibres. Nature (1980) 284(5754):351-3.
doi: 10.1038/284351a0

Petrovic P, Kalso E, Petersson KM, Ingvar M. Placebo and Opioid Analgesia—
Imaging a Shared Neuronal Network. Science (2002) 295(5560):1737-40.
doi: 10.1126/science.1067176

Schindler CW, Tella SR, Katz JL, Goldberg SR. Effects of Cocaine and Its
Quaternary Derivative Cocaine Methiodide on Cardiovascular Function in
Squirrel Monkeys. Eur ] Pharmacol (1992) 213(1):99-105. doi: 10.1016/0014-
2999(92)90238-y

Hill ER, Tian J, Tilley MR, Zhu MX, Gu HH. Potencies of Cocaine Methiodide
on Major Cocaine Targets in Mice. PloS One (2009) 4(10):e7578. doi: 10.1371/
journal.pone.0007578

Saeedi BJ, Kao DJ, Kitzenberg DA, Dobrinskikh E, Schwisow KD, Masterson
JC, et al. HIF-Dependent Regulation of Claudin-1 Is Central to Intestinal
Epithelial Tight Junction Integrity. Mol Biol Cell (2015) 26(12):2252-62.
doi: 10.1091/mbc.E14-07-1194

Grill JI, Neumann J, Hiltwein F, Kolligs FT, Schneider MR. Intestinal E-
Cadherin Deficiency Aggravates Dextran Sodium Sulfate-Induced Colitis. Dig
Dis Sci (2015) 60(4):895-902. doi: 10.1007/s10620-015-3551-x

Hahm KB, Im YH, Parks TW, Park SH, Markowitz S, Jung HY, et al. Loss of
Transforming Growth Factor Beta Signalling in the Intestine Contributes to
Tissue Injury in Inflammatory Bowel Disease. Gut (2001) 49(2):190-8.
doi: 10.1136/gut.49.2.190

Okumura R, Kurakawa T, Nakano T, Kayama H, Kinoshita M, Motooka D,
et al. Lypd8 Promotes the Segregation of Flagellated Microbiota and Colonic
Epithelia. Nature (2016) 532(7597):117-21. doi: 10.1038/nature17406
Zhang X, Wei L, Wang ], Qin Z, Lu Y, Zheng X, et al. Suppression Colitis and
Colitis-Associated Colon Cancer by Anti-S100a9 Antibody in Mice. Front
Immunol (2017) 8:1774. doi: 10.3389/fimmu.2017.01774

Scaldaferri F, Vetrano S, Sans M, Arena V, Straface G, Stigliano E, et al. VEGF-A
Links Angiogenesis and Inflammation in Inflammatory Bowel Disease Pathogenesis.
Gastroenterology (2009) 136(2):585-95.¢5. doi: 10.1053/j.gastro.2008.09.064

Xiao YT, Yan WH, Cao Y, Yan JK, Cai W. Neutralization of IL-6 and TNF-o
Ameliorates Intestinal Permeability in DSS-Induced Colitis. Cytokine (2016)
83:189-92. doi: 10.1016/j.cyt0.2016.04.012

Zhu W, Yu J, Nie Y, Shi X, Liu Y, Li F, et al. Disequilibrium of M1 and M2
Macrophages Correlates With the Development of Experimental
Inflammatory Bowel Diseases. Immunol Invest (2014) 43(7):638-52.
doi: 10.3109/08820139.2014.909456

Jones GR, Bain CC, Fenton TM, Kelly A, Brown SL, Ivens AC, et al. Dynamics
of Colon Monocyte and Macrophage Activation During Colitis. Front
Immunol (2018) 9:2764. doi: 10.3389/fimmu.2018.02764

Tamoutounour S, Henri S, Lelouard H, de Bovis B, de Haar C, van der Woude C]J,
et al. CD64 Distinguishes Macrophages From Dendritic Cells in the Gut and
Reveals the Th1-Inducing Role of Mesenteric Lymph Node Macrophages During
Colitis. Eur J Immunol (2012) 42(12):3150-66. doi: 10.1002/¢ji.201242847
Nakanishi Y, Ikebuchi R, Chtanova T, Kusumoto Y, Okuyama H, Moriya T,
et al. Regulatory T Cells With Superior Immunosuppressive Capacity
Emigrate From the Inflamed Colon to Draining Lymph Nodes. Mucosal
Immunol (2018) 11(2):437-48. doi: 10.1038/mi.2017.64

Zhang HL, Zheng Y], Pan YD, Xie C, Sun H, Zhang YH, et al. Regulatory T-
Cell Depletion in the Gut Caused by Integrin B7 Deficiency Exacerbates DSS
Colitis by Evoking Aberrant Innate Immunity. Mucosal Immunol (2016) 9
(2):391-400. doi: 10.1038/mi.2015.68

Costa E, Mocchetti I, Supattapone S, Snyder SH. Opioid Peptide Biosynthesis:
Enzymatic Selectivity and Regulatory Mechanisms. FASEB J (1987) 1(1):16-
21. doi: 10.1096/fasebj.1.1.3111927

de Souza HS, Fiocchi C. Immunopathogenesis of IBD: Current State of the Art.
Nat Rev Gastroenterol Hepatol (2016) 13(1):13-27. doi: 10.1038/nrgastro.2015.186
Yu T, Wan P, Zhu XD, Ren YP, Wang C, Yan RW, et al. Inhibition of NADPH
Oxidase Activities Ameliorates DSS-Induced Colitis. Biochem Pharmacol
(2018) 158:126-33. doi: 10.1016/j.bcp.2018.10.010

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Araki A, Kanai T, Ishikura T, Makita S, Uraushihara K, liyama R, et al.
MyD88-Deficient Mice Develop Severe Intestinal Inflammation in Dextran
Sodium Sulfate Colitis. ] Gastroenterol (2005) 40(1):16-23. doi: 10.1007/
500535-004-1492-9

Reiss D, Ceredig RA, Secher T, Boue J, Barreau F, Dietrich G, et al. Mu and
Delta Opioid Receptor Knockout Mice Show Increased Colonic Sensitivity.
Eur ] Pain (2017) 21(4):623-34. doi: 10.1002/ejp.965

Guerrero-Alba R, Valdez-Morales EE, Jimenez-Vargas NN, Bron R, Poole D,
Reed D, et al. Co-Expression of [ and & Opioid Receptors by Mouse Colonic
Nociceptors. Br ] Pharmacol (2018) 175(13):2622-34. doi: 10.1111/bph.14222
DiCello J], Saito A, Rajasekhar P, Eriksson EM, McQuade RM, Nowell CJ,
et al. Inflammation-Associated Changes in DOR Expression and Function in
the Mouse Colon. Am ] Physiol Gastrointest Liver Physiol (2018) 315(4):
G544-59. doi: 10.1152/ajpgi.00025.2018

Jordan BA, Cvejic S, Devi LA. Opioids and Their Complicated Receptor
Complexes. Neuropsychopharmacology (2000) 23(4 Suppl):S5-18.
doi: 10.1016/S0893-133X(00)00143-3

Latorraca NR, Wang JK, Bauer B, Townshend RJL, Hollingsworth SA, Olivieri
JE, et al. Molecular Mechanism of GPCR-Mediated Arrestin Activation.
Nature (2018) 557(7705):452-6. doi: 10.1038/s41586-018-0077-3

Ferguson SS, Downey WE, Colapietro AM, Barak LS, Ménard L, Caron MG.
Role of Beta-Arrestin in Mediating Agonist-Promoted G Protein-Coupled
Receptor Internalization. Science (1996) 271(5247):363-6. doi: 10.1126/
science.271.5247.363

Szabo I, Chen XH, Xin L, Adler MW, Howard OM, Oppenheim JJ, et al.
Heterologous Desensitization of Opioid Receptors by Chemokines Inhibits
Chemotaxis and Enhances the Perception of Pain. Proc Natl Acad Sci USA
(2002) 99(16):10276-81. doi: 10.1073/pnas.102327699

Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, et al. Conversion of
Peripheral CD4+CD25- Naive T Cells to CD4+CD25+ Regulatory T Cells by
TGE-Beta Induction of Transcription Factor Foxp3. J Exp Med (2003) 198
(12):1875-86. doi: 10.1084/jem.20030152

Ouyang W, Beckett O, Ma Q, Paik JH, DePinho RA, Li MO. Foxo Proteins
Cooperatively Control the Differentiation of Foxp3+ Regulatory T Cells. Nat
Immunol (2010) 11(7):618-27. doi: 10.1038/ni.1884

Kerdiles YM, Stone EL, Beisner DR, Beisner DL, McGargill MA, Ch'en IL, et al.
Foxo Transcription Factors Control Regulatory T Cell Development and
Function. Immunity (2010) 33(6):890-904. doi: 10.1016/j.immuni.2010.12.002

Tzivion G, Dobson M, Ramakrishnan G. FoxO Transcription Factors;
Regulation by AKT and 14-3-3 Proteins. Biochim Biophys Acta (2011) 1813
(11):1938-45. doi: 10.1016/j.bbamcr.2011.06.002

Harada Y, Elly C, Ying G, Paik JH, DePinho RA, Liu YC. Transcription
Factors Foxo3a and Foxol Couple the E3 Ligase Cbl-B to the Induction of
Foxp3 Expression in Induced Regulatory T Cells. ] Exp Med (2010) 207
(7):1381-91. doi: 10.1084/jem.20100004

Potaczek DP, Harb H, Michel S, Alhamwe BA, Renz H, Tost J. Epigenetics and
Allergy: From Basic Mechanisms to Clinical Applications. Epigenomics (2017)
9(4):539-71. doi: 10.2217/epi-2016-0162

Suarez-Alvarez B, Rodriguez RM, Fraga MF, Lopez-Larrea C. DNA
Methylation: A Promising Landscape for Immune System-Related Diseases.
Trends Genet (2012) 28(10):506-14. doi: 10.1016/j.tig.2012.06.005

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.

Copyright © 2021 Nagata, Nagase, Okuzumi and Nishiyama. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

September 2021 | Volume 12 | Article 730706


https://doi.org/10.1155/2012/718617
https://doi.org/10.1101/pdb.prot5080
https://doi.org/10.1038/284351a0
https://doi.org/10.1126/science.1067176
https://doi.org/10.1016/0014-2999(92)90238-y
https://doi.org/10.1016/0014-2999(92)90238-y
https://doi.org/10.1371/journal.pone.0007578
https://doi.org/10.1371/journal.pone.0007578
https://doi.org/10.1091/mbc.E14-07-1194
https://doi.org/10.1007/s10620-015-3551-x
https://doi.org/10.1136/gut.49.2.190
https://doi.org/10.1038/nature17406
https://doi.org/10.3389/fimmu.2017.01774
https://doi.org/10.1053/j.gastro.2008.09.064
https://doi.org/10.1016/j.cyto.2016.04.012
https://doi.org/10.3109/08820139.2014.909456
https://doi.org/10.3389/fimmu.2018.02764
https://doi.org/10.1002/eji.201242847
https://doi.org/10.1038/mi.2017.64
https://doi.org/10.1038/mi.2015.68
https://doi.org/10.1096/fasebj.1.1.3111927
https://doi.org/10.1038/nrgastro.2015.186
https://doi.org/10.1016/j.bcp.2018.10.010
https://doi.org/10.1007/s00535-004-1492-9
https://doi.org/10.1007/s00535-004-1492-9
https://doi.org/10.1002/ejp.965
https://doi.org/10.1111/bph.14222
https://doi.org/10.1152/ajpgi.00025.2018
https://doi.org/10.1016/S0893-133X(00)00143-3
https://doi.org/10.1038/s41586-018-0077-3
https://doi.org/10.1126/science.271.5247.363
https://doi.org/10.1126/science.271.5247.363
https://doi.org/10.1073/pnas.102327699
https://doi.org/10.1084/jem.20030152
https://doi.org/10.1038/ni.1884
https://doi.org/10.1016/j.immuni.2010.12.002
https://doi.org/10.1016/j.bbamcr.2011.06.002
https://doi.org/10.1084/jem.20100004
https://doi.org/10.2217/epi-2016-0162
https://doi.org/10.1016/j.tig.2012.06.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Delta Opioid Receptor Agonists Ameliorate Colonic Inflammation by Modulating Immune Responses
	Introduction
	Materials and Methods
	Mice
	Induction and Assessment of DSS-Induced Colitis
	Cells
	Flow Cytometry
	Quantitative RT-PCR
	ELISA
	Statistical Analysis

	Results
	Systemic Administration of the &delta; Opioid Receptor Agonist KNT-127 Alleviates the Pathology of DSS-Induced Colitis
	Effects of Systemic Administration of a DOR Agonist on the Expression of Endogenous Opioids and Their Receptors in the CNS
	DOR Signaling in the CNS Is Not Involved in the DOR Agonist-Mediated Alleviation of Bowel Inflammation
	Expression Profiles of Genes Involved in Antibacterial and Barrier Functions in the Colon
	Effects of KNT-127 Treatment on the Immune System In Vivo
	KNT-127 Suppresses Cytokine Release by Macrophages and Accelerates Treg Development In Vitro

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	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 false
  /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 false
  /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 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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


