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Abstract— We newly developed a hybrid protein, tentatively named rMIKO-1, using gene
technology. We herein investigated the effects of rMIKO-1 on activated macrophages and
discussed its potential as a suppressor of experimental colitis. Fluorescent microscopy
was used to observe the dynamic mobility of rMIKO-1 in macrophages. Sodium dode-
cyl sulfate—polyacrylamide gel electrophoresis, Western blotting, fluorescent immuno-
chemical staining, flow cytometry, enzyme-linked immunosorbent assays, a polymerase
chain reaction/quantitative polymerase chain reaction, and hematoxylin and eosin staining
were conducted to assess the potential activity of rMIKO-1. A large amount of bleeding
was observed in rats treated with 5% dextran sulfate sodium (DSS) alone on day 8 after
treatment initiation, but not in those treated with 5% DSS plus rMIKO-1. In the in vitro
assay, rMIKO-1 rapidly bound to macrophages, immediately entered cells by an unknown
mechanism, and then migrated inside the nucleus. This result suggests that rMIKO-1 plays
important immunological roles in the nucleus. Despite the activation of macrophages by
lipopolysaccharide, the mRNA expression of pro-inflammatory cytokines, such as tumor
necrosis factor-a, interleukin-6, and interleukin-1p, was significantly suppressed in mac-
rophages preliminarily treated with rMIKO-1 for 1 h. Complexes of rMIKO-1 with nuclear
factor-kappa B (NF-xB)/p65 and p-actin formed in activated macrophages, which attenu-
ated experimental colitis in rats. These results strongly suggest that rMIKO-1 negatively
regulates excessively activated macrophages through the NF-kB/p65 signaling pathway.
Therefore, rMIKO-1 is a novel suppressor of experimental colitis in rats through the nega-
tive regulation of activated macrophages.

KEY WORDS: macrophages; hybrid protein; NF-kB pathway; experimental colitis; COVID-19.

'Department of Medical Technology and Sciences, Faculty of Health

Sciences, Kyoto Tachibana University, 34 Yamada-cho Oyake INTRODUCTION
Yamashina-ku, Kyoto 607-8175, Japan

ZFaculty of Bioscience, Nagahama Institute S100A8 and S100A9 (S100 proteins) are calcium-
of Bio-Science and Technology, Nagahama-shi, Shiga, binding proteins that belong to the S100 family, and

STam”mCho 1266526-0829, Japan mainly exist in the cytoplasm of immune cells of mye-
To whom correspondence should be addressed at Faculty of

Bioscience, Nagahama Institute of Bio-Science and Technology, loid Orlglnf such as me.lcr(?p hages E?nd neutljop hils [1-3].
Nagahama-shi, Shiga, Tamuracho, 1266526-0829, Japan. Email: S100 proteins are heavily involved in many inflammatory

m_ikemoto @nagahama-i-bio.ac.jp; i_masaki @ gaia.eonet.ne.jp diseases, such as rheumatoid arthritis [1, 4], ulcerative

180

0360-3997/22/0100-0180/0 © The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature, 2021, corrected publication 2021


http://orcid.org/0000-0002-0827-3375
http://orcid.org/0000-0001-6712-3660
http://crossmark.crossref.org/dialog/?doi=10.1007/s10753-021-01537-5&domain=pdf

A New Hybrid Protein Is a Novel Regulator for Experimental Colitis in Rats 181

colitis (UC) and Crohn’s disease (CD) [5-9], and acute
hepatitis [10, 11]. In these diseases, S100 proteins may
play important roles inside and/or outside of immune
cells; however, their innate immunity has not yet been
elucidated in detail. Macrophages are activated by many
antigenic substances, but to some extent, similar to bac-
teria or their components in the large intestinal tract, via
receptors, such as Toll-like receptor (TLR) 4 [6, 7, 12,
13] and the receptor for advanced glycation endproducts
[14, 15]. S100 proteins participate in the regulation of
abnormalities in macrophages to maintain homeostasis
in the body by negatively regulating the excessive acti-
vation of cells induced by commensal bacteria, which
contributes to the self-catalytic modulation of cells via
known and/or undefined receptors [11]. A previous study
reported that the activation of the signal transduction
activator transcription 3 pathway in intestinal epithelial
cells in the large colon by interleukin (IL)-6 resulted in
the excessive secretion of SI00A9 in the circulation, ulti-
mately leading to the onset of inflammatory bowel dis-
eases [9]. In contrast, the excessive secretion of SI00A9
has been suggested to result in an accelerated inflamma-
tory response in immune cells and/or epithelial cells of
the large intestinal tract [16]. Despite extensive investiga-
tions in the past three decades, the mechanisms contrib-
uting to the potent immunity of SI00A8 and S100A9 as
immunological regulators remain unclear.

We recently detected an autocrine signal trans-
duction pathway involving rat SI00A8 (rS100A8) and
rS100A9 in macrophages, and identified cluster of dif-
ferentiation 68 (CD68) on the macrophages of rats as a
receptor-like protein for rS100A8 and/or rS100A9 in the
signal transduction pathway of these cells, with sugar
chains on these molecules being closely involved in sig-
nal transduction [17-19]. The active center of proteins
may be generally constructed on an amino acid (AA)
sequence or its three-dimensional structure. We herein
hypothesized that some immune functions of rS100A8
and rS100A9 depended on their AA sequences around
the N- and C-terminal regions, respectively. To prove
our hypothesis, we newly designed a hybrid protein (rat
MIKO-1: rMIKO-1) and three derivatives (rMIKO-2
to rMIKO-4) by referring to the AA sequences of
rS100A8 and rS100A9, and prepared them using gene
technology.

In the present study, we investigated the immuno-
logical potency of rMIKO-1 to macrophages and dis-
cuss its potential as a therapeutic agent for experimental
colitis in rats.

MATERIALS AND METHODS

Animals

All rats used in the present study (n=60) were Wistar
rats (male, 10 weeks old, 220-250 g) that were kept in cap-
tivity for approximately 1 week prior to the initiation of ani-
mal experiments and allowed free access to food and water.

Reagents

The pCold-1 vector and isopropyl PB-p-1-
thiogalactopyranoside (IPTG) were purchased from
TAKARA-Bio Co., Ltd., Kyoto, Japan. Dextran sul-
fate sodium salt (DSS, MW: 36,000 ~ 50,000, MP
Biochemicals) Colitis Grade was obtained from Wako
Pure Chemical Industries, Ltd., Tokyo, Japan. Ni-
agarose was obtained from Nacalai Tesque, Kyoto,
Japan. The streptavidin (STA)-Cy5; anti-mouse 1gG
(horse)-horseradish peroxidase (HRP) or -fluorescein
5-isothiocyanate (FITC) conjugate and VECTASH-
IELD Mounting Medium were obtained from Vec-
tor Inc., Burlingame, CA, USA. Lipopolysaccharide
(LPS) from Escherichia coli and an anti-f-actin mono-
clonal antibody were purchased from Sigma-Aldrich
Co., LLC, Tokyo, Japan. N-Hydroxysuccinimidobiotin
(EZ-Link™ NHS-Biotin) was from Thermo Fisher
Scientific Co., Ltd., USA. The monoclonal antibody
for nuclear factor kappa B (NF-xB) p65 (sc-8008)
was purchased from Santa Cruz Biotechnology, Inc.,
Dallas, Texas 75,220, USA. The monoclonal antibody
for Golgi bodies (GM130) was obtained from Medical
& Biological Laboratories Co., Ltd., Tokyo, Japan.
Monoclonal antibodies for rS100A8 (mAb2H6 and
mAb8A6) and rS100A9 (mAb1DI1 and mAb10D11)
were provided by Yamasa Co., Ltd., Chiba, Japan.
Clinical Thioglycollate Medium (E-MC17) was
obtained from EIKEN Chemical Co., Ltd., Tokyo,
Japan. Roswell Park Memorial Institute 1640 medium
(RPMI-1640), diaminobenzidine tetrahydrochloride
(DAB), and other reagents were obtained from Wak-
enyaku Co., Ltd., Kyoto, Japan.

Design of a Recombinant Protein (rMIKO-1)
and Its Three Derivatives

We newly designed a hybrid protein (rMIKO-1)
and its three derivatives (rMIKO-2, -3, and -4) by refer-
ring to the AA sequences of rS100A8 and rS100A9,



182

and artificially synthesized each cDNA for these pro-
teins using gene technology (Fig. 1A and B) [1]. The
whole frame of each rMIKO protein was schematically
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indicated in Fig. 1B. The frames of four rMIKO pro-
teins were as follows: rMIKO-1, 24 AA residues
from the C-terminal of rS100A9 were added to the

A 1 89
rS100A8 N }C
stoons N
1 113
B 1 20 89,90 113
rMIKO-1 N C

VIO NE 20 AA |

ko3 N 20aA N
ko4 N 74 AA+C

C M 1 2 3 4 5

(kDa)
75—
50 —»

37>

25 — plun
20—

15—

10—

Schematic drawing of the full length of
each recombinant protein

(A) recombinant rat S100A8 (rS100A8) and
rS100A9: N (N terminal), C (C terminal),
and AA (Amino acid)

(B) recombinant hybrid proteins: rMIKO-1,
rMIKO-2, rMIKO-3, and rMIKO-4

Dotted line indicates 24 AA residues, but
deleted, from the C terminal of rS100A9.

(C) Lane M: molecular markers
Lane 1: rMIKO-1
Lane 2: rMIKO-2
Lane 3: rMIKO-3
Lane 4: rMIKO-4
Lane 5: rS100A8
Lane 6: rS100A9

SDS-PAGE (15% gel) shows each
purified recombinant protein.

Fig. 1 Design and development of a rMIKO-1 protein and its three derivatives. (A) The full-length amino acid (AA) sequences of rS100A8 and
rS100A9 were schematically drawn by open and closed horizontal bars, respectively. (B) rMIKO-1: 24 AA residues from the C-terminal AA resi-
due of rS100A9 were added to the C-terminal AA residue of rS100A8. rMIKO-2 and rMIKO-3: 20 AA residues from the N-terminal AA residue
of rS100A8 and those of rS100A9 were replaced. rMIKO-4: 24 AA residues, as indicated by the dotted line, from the C-terminal AA residue of
rS100A9 were deleted. (C) SDS-PAGE (15% gel) was performed using affinity-purified proteins in the presence of 2-mercaptoethanol. M: molecular
weight markers. Lanes 1 to 6 indicate purified rMIKO-1, -2, -3, -4, rS100AS8, and rS100A9, respectively.
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C-terminal of rS100A8; rMIKO-2, 20 AA residues
from the N-terminal of rS100A8 were exchanged with
the N-terminal of rS100A9; rMIKO-3, 20 AA residues
from the N-terminal of rS100A9 were exchanged with
the N-terminal of rS100A8; rMIKO-4, 24 AA residues
from the C-terminal of rS100A9 were deleted as indi-
cated by the dotted line.

Expression and Purification of rMIKO-1
and Its Three Derivatives

The expression of rMIKO-1 and its three deriva-
tives in E. coli cells was performed as previously
described [20]. Briefly, the cDNA of each MIKO pro-
tein was inserted into the pCold I vector (Takara Bio
Co., Ltd., Kyoto, Japan) [21]. The four vectors of pCold
I newly prepared were transformed in competent cells
(E. coli cells, BL21). Recombinant cells were cultivated
at 37 °C for 3 to 4 h. When the absorbance of the cul-
ture medium at 600 nm reached the range of 0.4 to 0.8,
the temperature for cultivation was decreased to 15 °C
and IPTG (1 mM as the final concentration) was added
to a culture bottle followed by cultivation for 12 h at
15 °C while mixing. Recombinant cells were collected
by centrifugation and washed once with 50 mM phos-
phate buffer/0.9% NaCl solution and then suspended in
an adequate volume of binding buffer (pH8.0)/10 mM
imidazole/0.3 M NaCl. After sonication, recombinant
MIKO proteins were separately purified using a Ni-
agarose column [17]. Each purified rMIKO protein was
dialyzed against 50 mM phosphate buffer/0.9% NaCl by
exchanging the buffer solution twice to mainly remove
imidazole. Each recombinant rMIKO protein was then
concentrated at an adequate concentration and frozen
at— 80 °C until used. The concentration of endotoxin
in rMIKO-1 samples was measured using a commer-
cially provided kit (ToxinSensor™, Endotoxin Detec-
tion System, GenScript Inc., USA). The concentration
of endotoxin in each sample was less than 0.6 EU/mg
protein, indicating no influence on the activation of
macrophages (data not shown).

Monoclonal Antibodies
Monoclonal antibodies for rMIKO-1 were prepared

as previously described [22]. A part of each antibody
was biotinylated using N-Hydroxysuccinimidobiotin

according to the manufacturer’s instructions. The speci-
ficity and avidity of antibodies were confirmed by West-
ern blotting, in which the anti-mouse IgG (horse)-HRP
conjugate was used as a secondary antibody. These
antibodies were frozen at — 80 °C until used. Monoclo-
nal antibodies for rS100A8 (mAb2H6) and rS100A9
(mAb1D11) were used in the present study [17].

Animal Experiments

The protocol for animal experiments is shown in
Fig. 2A. Intraperitoneal injections were performed under
sterile condition as much as possible. The rats used were
classified into the following groups: (1) D group: 5%
DSS/distilled water (DW) alone was orally administered
for 7 days to induce experimental colitis (n=10); (2) M, ,
and M, ; groups: rtMIKO-1 (0.2 or 0.6 mg/50 mM phos-
phate buffer (pH7.4)/0.9% NaCl sterilized (0.5 ml)/rat)
was injected into the abdominal cavity of each rat in the
D group every morning (n=10/group); (3) D, group:
rat albumin (approx. 0.6 mg/50 mM phosphate buffer
(pH7.4)/0.9% NaCl sterilized (0.5 ml)/rat) was injected
into the abdominal cavity of each rat in the D group
every morning during the experimental period (n=5);
(4) Nyixo group: rMIKO-1 alone (0.6 mg/50 mM phos-
phate buffer (pH7.4)/0.9% NaCl sterilized (0.5 ml)/rat)
was injected into the abdominal cavity of each normal rat
every morning during the experimental period (n=5); (5)
Ny group: 50 mM phosphate buffer (pH7.4)/0.9% NaCl
sterilized (0.5 ml) alone was intraperitoneally injected
into each normal rat (n=5). Macrophages were obtained
from the abdominal cavity of normal rats (n=15). The
large intestinal tract of each rat in all groups was then
removed from the body and subjected to biochemical
and histological examinations after its length had been
measured.

Extraction of Cytoplasmic and Nuclear Proteins
from Macrophages

Rat macrophages were elicited by an intraperito-
neal injection of 10 ml of sterilized 4% thioglycolate/
DW [8]. After 3 days, 50 ml of 50 mM sterilized phos-
phate buffer solution (pH7.4)/0.9% NaCl (buffer A) was
intraperitoneally injected into rats and macrophages were
then carefully collected and suspended in buffer A. After
centrifugation at 1500 rpm at 4 °C for 3 min, the cells
collected were again suspended in RPMI-1640 medium
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Fig. 2 Protocol of animal experiments and therapeutic effects of rMIKO-1 on experimental colitis in rats. (A) Animal experiments were performed
using 5% DSS alone, 5% DSS plus tMIKO-1, or sterilized buffer A alone (50 mM phosphate buffer, pH7.4/0.9% NaCl). In the D group, the oral
administration of 5% DSS alone to rats was conducted for eight days to induce experimental colitis. In the M group, rMIKO-1 (0.2 or 0.6 mg/0.5 ml
buffer A/day/rat) was intraperitoneally administered, indicated by vertical arrows in the upper position, to the D group once a day every morning
for seven days (n=10 in each concentration). In the D, and M groups, rat albumin (0.6 mg/0.5 ml buffer A/day/rat) alone was intraperitoneally
administered to the D group. In the Ny group, rMIKO-1 (0.6 mg/0.5 ml buffer A/day/rat) alone was intraperitoneally administered to each normal
rat. In the Ny group, buffer A (0.5 ml/day/rat) alone was intraperitoneally administered to each normal rat. (B) The bleeding conditions of the D,
M, ,, and M ¢ groups are shown, with heavy and slight bleeding being indicated by horizontal arrows (yellow). (C) H&E staining of the large colon
(rectal tissue) was performed to evaluate tissue deterioration. (D) Fluorescent immunohistochemistry (FIHC), together with H&E staining, was per-
formed using tissue sections of the large colon of rats in the D and M, ¢ groups. rS100A8 and rS100A9 in these tissues were stained using mAb8H6-
Cy5 and mAbID11-FITC conjugates, respectively.

supplemented with 10% fetal bovine serum (Biological
Industries Ltd., Israel) (medium A). A total of 5x10° cells
were plated in a Petri dish [100 mm (L) X 10 mm (D)] and
incubated at 37 °C for 2 h in 5% CO,. After the incuba-
tion, non-adherent cells in each Petri dish were removed
by washing the dish three times with buffer A. rMIKO-1
(approx. 50 pg/ml) was then added to the dish and further
incubated at 37 °C for 2 h in 5% CO,. After the incuba-
tion, adherent cells were washed twice with buffer A and

then collected in 1 ml of buffer A using a scraper. The
cell suspension was slightly centrifuged at 1,500 rpm at
4 °C for 3 min and the supernatant was discarded. Cyto-
plasmic and nuclear proteins in macrophages from rats
in the D and M groups were separately extracted using
a Cytoplasmic & Nuclear Protein Extraction Kit (PO
Box 1016, Mountain View, CA 94,042, USA) accord-
ing to the manufacturer’s instructions. Extracted protein
samples were frozen at — 80 °C until used.
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Fluorescent Immunochemical Staining
and Immunohistochemistry

Fluorescent immunochemical staining (FICS) was
performed using the intraperitoneal macrophages of rats
and the rMIKO-1-FITC conjugate, for which the rat albu-
min (50 pg/ml)-Cy5 conjugate was used as a negative
control [23]. The dynamic mobility of rMIKO-1 in cells
was observed every 10 min for 1 h under a fluorescent
microscope (BIOREVO BZ-9000, KEYENCE Co., Ltd.,
Osaka). Immunohistochemistry was also performed as
previously described, in which rS100AS8 and rS100A9
were stained using mAb2H6 and mAb1D11, respectively,
as the first antibody [17].

Enzyme-Linked Immunosorbent Assays

An enzyme-linked immunosorbent assay (ELISA)
was performed to detect rMIKO-1-biotin and its com-
plexes with NF-xB/p65, p-actin, and Golgi bodies in the
cytoplasm and nucleus of macrophages using the STA-
HRP conjugate as previously described. HRP activity was
spectrophotometrically evaluated.

Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis and Western Blotting

Sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) and Western blotting were
performed as previously described [22, 24]. Western
blotting was performed using the monoclonal antibodies
of mAb2H6 and mAb1D11 for rfS100A8 and rS100A9,
respectively, as the primary antibody. Antibody-bound
rS100A8 and rS100A9 were detected using the mAb8A6-
HRP and mAb10D11-HRP conjugates, respectively, as
the secondary antibody. Briefly, proteins were separated
by SDS-PAGE in the presence of 2-mercaptoethanol and
transferred to nitrocellulose. After the addition of Block-
ing One (Nacalai Co., Ltd., Kyoto), they were incubated
at 4 °C for 1 h with the monoclonal antibody for f-actin
(AC-74, Sigma-Aldrich Co., LLC) at a dilution of 1:1000.
Membranes were then washed three times for 5 min with
10 mM Tris—HCI buffer (pH 7.4)/0.9% NaCl (buffer
B), twice with buffer B/0.1% Tween 20, and once with
buffer B, before being incubated with the anti-mouse IgG
(horse)-HRP conjugate (the secondary antibody) diluted
500-fold at room temperature for 1 h. After washing the
membranes, antibody-bound proteins were detected using
DAB and hydrogen peroxide as the substrate. In ELISA,

rMIKO-1-biotin, which was reacted with mAbC6 on the
ELISA plate, was detected with STA-HRP. HRP activity
was assessed using 1,2-phenylenediamine dihydrochlo-
ride (0-PD) and hydrogen peroxide as the substrates [22],
with absorbance at 490 nm being tentatively measured
using a microplate reader (Bio-Rad Co., Ltd., USA).

Immunoprecipitation

To detect possible complexes of rMIKO-1 with
B-actin, immunoprecipitation was conducted using two
specific monoclonal antibodies for rMIKO-1 (mAbC6
and mAbCS). Briefly, the two antibodies (5 pg/ml each as
the final concentration) were added to each protein sam-
ple (0.5 ml), which was extracted from the cytoplasm and
nucleus of macrophages treated with rMIKO-1 at 37°C
for 2 h in 5% CO,. The mixture was gently mixed at 4°C
overnight and then centrifuged at 3,500 rpm at 4°C for
10 min. The resultant pellet was carefully washed twice
with 50 mM phosphate buffer (pH7.4)/0.9% NaCl. After
centrifugation as above, the precipitated proteins were
subjected to SDS-PAGE and Western blotting using the
specific monoclonal antibody for B-actin and the anti-
mouse IgG (horse)-HRP conjugate as the first and second
antibodies, respectively. Antibody-bound proteins were
detected as previously described [22].

Possible Complexes of rMIKO-1 with Cytoplasmic
or Nuclear Proteins in macrophages

The detection of possible complexes of rMIKO-1 with
intracellular proteins in macrophages was attempted using
an ELISA plate preliminarily coated with the monoclonal
antibody for NF-kB (2 pg/ml), B-actin (2 pg/ml), or anti-
Golgi bodies (2 pg/ml). Twenty-five microliters of the
protein sample extracted from macrophages was added to
each well of the plate preliminarily filled with 0.1 ml of
the sample diluent (50 mM phosphate buffer (pH7.4)/0.9%
NaCl) and then incubated at room temperature for 1 h
after mixing. After washing three times with washing
buffer, 0.1 ml of the STA-HRP conjugate (2 pg/ml) was
added to each well of the plate followed by an incuba-
tion at room temperature for 30 min. After washing, HRP
activity was assessed as described above.

Flow Cytometry

Flow cytometry was conducted as previously
described [18]. Stained cells were detected and analyzed
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using Coulter Counter Navios (Beckman Coulter Co.,
Ltd., Tokyo, Japan) equipped with the AN50240 software.

Polymerase Chain Reaction and Quantitative
Polymerase Chain Reaction

The semi-quantitative polymerase chain reaction
(PCR) and quantitative PCR (qPCR) were conducted
using a Thermal Cycler (C1000™, BIO-RAD) as previ-
ously described, in which all primers for PCR were the
same as those previously described [17].

Histological Evaluation

Hematoxylin and eosin (H&E) staining was per-
formed to evaluate the extent of tissue deterioration in the
colons of rats in all groups. The severity of DSS-induced
colitis in rats was also classified based on disease activity
index scores [25].

Statistical Analysis

Pairwise comparisons with controls were performed
using parametric tests. Significant differences between
groups were identified using the Student’s 7 test (¢ test of
the difference between the two mean values). Data are
shown as mean+SD values. P values of < 0.05 were con-
sidered to be significant.

RESULTS

Expression and Purification of rMIKO Proteins

All rtMIKO proteins (rMIKO-1 to rMIKO-4) were
successfully expressed in E. coli cells. They were purified
using a Ni-agarose column [26 mm (D) X 100 mm (L)]
as described in the “Methods” section. In comparisons
with the two protein bands of rST100A8 and rS100A9, the
purity of each rMIKO protein was visually higher than
95% (Fig. 1C, lanes 1 to 4).

Preparation of Monoclonal Antibodies

Monoclonal antibodies for IMIKO-1 were prepared
as previously described [22]. We obtained six clones (CS5,
Co6, C7, C9, C10, and C20) of the antibody specific for
rMIKO-1. The specificity of each antibody for rMIKO-1
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was examined by Western blotting, and all antibodies
cross-reacted with rS100A9, but not with rST100AS. These
results suggest that these antibodies recognize specific
epitopes for the AA sequence of rS100A9 or its three-
dimensional structure. mAbC5 and mAbC6 reacted more
strongly with rMIKO-1 than the other antibodies (data
not shown).

Histological Evaluation of the Large Colon
of Rats with Experimental Colitis

Bleeding from the large colon of rats in the D group
began on day 5 after treatment initiation and increased
during the last half of the experiment (Fig. 2B, panel
D). Although slight bleeding was observed on day 6 in
the M, , group (Fig. 2B, panel M,,,), bleeding was not
detected on the same day in the M, ; group (Fig. 2B, panel
M ). In the Dy, group, experimental colitis in the large
colon of rats in the D group was not suppressed by rat
albumin (Fig. 2C, panel D,;;,). This result suggests that rat
albumin is not a negative regulator of experimental coli-
tis. In the Ny group, upon the intraperitoneal adminis-
tration of rMIKO-1 alone, no inflammatory changes were
microscopically observed in large colon tissue (Fig. 2C,
panel Ny;xq). This result indicates that rMIKO-1 is not
a toxic or antigenic molecule for rats. In the D group,
the severe deterioration of the epithelial structure of the
large colon (rectal tissue) was microscopically observed
(Fig. 2C, panel D). In addition, numerous immune cells
accumulated in the damaged tissue of the large colon of
rats in the D group. In these cells, rS100A8 and rS100A9
microscopically appeared to be co-expressed; however,
these cells almost disappeared in the colon tissue of rats
treated with 5% DSS plus rMIKO-1 (Fig. 2D, FIHC).
H&E staining showed the deterioration of large colon
tissue in the D group, but not in the M, c group (Fig. 2D,
H&E). The body weight of rats in the Ny group gradu-
ally increased after treatment initiation, whereas that of
rats in the D, group markedly decreased after day 5 (data
not shown). In addition, the length of the large colon of
each rat in the D and D,;,, groups appeared to be shorter
than that prior to treatment initiation, whereas the length
of the large colon in the other groups was similar to that
in the Ny, group (Table 1). These results suggest that
rMIKO-1 protected against experimental colitis in the
large colon of rats. A histological evaluation of the colon
in each group was performed as previously described
[25]. The results obtained are summarized in Table 1.



A New Hybrid Protein Is a Novel Regulator for Experimental Colitis in Rats 187

Table 1 DAI score of DSS-induced colitis in rats treated with rMIKO-1, rat albumin, or PBS alone

Bleeding and morphological changes (DAI score)

Groups (1) Grading of colonic  Infiltration of immune cells Bleeding (0-3)  Depth of damage DAI score Colon

damage (0-3) in the tissue (0-3) (0-3) (total: 0-12) length

(cm)*
Npus (n=5) ND ND ND ND ND 17.4
Nyixo (n=5) ND ND ND ND ND 17.5
D, (n=5) 3 3 3 3 12 12.3
M, (n=10) 0.5 0.5 0.2 0.2 0.4 17.0
My (n=10) ND ND ND ND ND 17.4
D (n=10) 3 3 3 3 12 122

ND, not detected. The severity of DSS-induced colitis in rats was evaluated by depending to the scale reported by Konarska et al.

“Values are indicated by the average of the colon length of rats in each group

Immunological Potential of rMIKO-1
in Macrophages

Recombinant rS100A8 (rrS100A8) and rrS100A9
strongly induced the mRNA expression of rSO0A8 and
rS100A9, respectively, in macrophages (Fig. 3A).
The mRNA expression of rSI00A8 and rS100A9 was
induced in a limited manner by rMIKO-1 and rMIKO-
3, but not by rMIKO-2 or rMIKO-4, respectively
(Fig. 3B). These results strongly suggest that the short
AA sequences around the N- and C-terminal regions
of rMIKO-1 and rMIKO-3, respectively, are important
for their effects on macrophages. Therefore, rMIKO-1
is a new functional molecule that combines two impor-
tant AA regions of rS100A8 and rS100A9. Changes in
tumor necrosis factor (TNF)-a, IL-1p, and IL-6 mRNA
levels in macrophages treated with rMIKO-1 alone, LPS
alone, and rMIKO-1 and LPS were examined after 0.5,
1.0, 1.5, and 2.0 h (Fig. 3C). After the stimulation with
LPS (10 pg/ml) alone, TNF-a and IL-6 mRNA levels
markedly increased after 1 h; however, rMIKO-1 did
not significantly induce the mRNA expression of these
inflammatory cytokines. These results indicate that
rMIKO-1 is not an antigenic substance to macrophages.
The mRNA expression of inflammatory cytokines was
significantly downregulated in macrophages that were
preliminarily treated with rMIKO-1 (10 pg/ml) for 1 h
prior to the stimulation with LPS (10 pg/ml). These
results suggest that rMIKO-1 is a novel functional mol-
ecule that plays an important role(s) in the nucleus of
macrophages to negatively regulate the excessive acti-
vation of macrophages.

Flow Cytometry of rMIKO-1 and Its Dynamic
Mobility in Macrophages

Flow cytometry and FICS showed that rMIKO-1
bound to macrophages in the in vitro study; however, rat
albumin did not bind to these cells (Fig. 4A, panels a,
b, and c). This result suggests the selective affinity of
rMIKO-1 for macrophages. rMIKO-1 time-dependently
bound to macrophages within 60 min, as shown by FICS,
using fluorescent microscopy (BIOREVO BZ-9000,
KEYENCE Co., Ltd., Osaka) (Fig. 4B). To observe the
intracellular localization of rMIKO-1 in macrophages in
more detail, microscopic images of rMIKO-1 and NF-kB
p65 from several angles were observed using the Z-stack
mode, which showed that rMIKO-1 appeared to localize
in both the cytoplasm and nucleus of these cells (Fig. 4C,
panels Z1 to Z4). These results indicate that rMIKO-1
plays an important, but still unknown role in the DNA
chain in the nucleus of macrophages.

Confirmation of rMIKO-1, rS100AS,
and rS100A9 in the Cytoplasm and Nucleus
of Macrophages by Western Blotting

To detect rMIKO-1, rS100A8, and rS100A9 in
macrophages, Western blotting was performed using the
cytoplasmic and nuclear proteins of these cells. Western
blotting revealed the presence of rMIKO-1, rS100A8,
and rS100A9 in the cytoplasm of macrophages pre-
liminarily treated with rtMIKO-1 (Fig. 5A); however,
rS100A9 was not significantly detected in the nucleus
(Fig. 5B). These results strongly suggest that rMIKO-1
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Fig. 3 Molecular analysis of immune functions of rSI00A8 and rS100A9 mRNAs and potential activity of rMIKO-1. rS100A8 and rS100A9
mRNA levels were measured using a StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA 94,404, USA) to verify the
immune responses of macrophages to tMIKO-1 and/or lipopolysaccharide (LPS) upon the stimulation of cells with rrS100A8 or rrS100A9. (A)
rS100A8 and rS100A9 mRNA levels in macrophages were measured after the treatment with rrS100A8 (10 pg/ml) and rrS100A9 (10 pg/ml),
respectively, at 37 C for 1 hin 5% CO,. (B) rS100A8 and rS100A9 mRNA levels in macrophages were measured after the treatment with rMIKO-1,
-2, -3, and -4 (10 pg/ml each) at 37 °C for 1 h in 5% CO,. (C) Time-dependent changes in the mRNA levels of three inflammatory cytokines (IL-
1B, TNF-a, and IL-6) in macrophages (0.5, 1.0, 1.5, and 2.0 h). The treatment groups were (1) rMIKO-1 (M1) alone (10 pg/ml), (2) LPS (10 pg/
ml) alone after the treatment with rMIKO-1 (10 pg/ml), and (3) LPS alone (10 pg/ml). Error bars are shown as means +SD values. *, P <0.05; **,
P<0.01.
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Flow cytometry and Fluorescent chemical staining
(a) Flow cytometry: macrophages were stained with rMIKO-1-FITC
(b) Macrophages treated with rMIKO-1-FITC (green)
(c) Rat albumin-Cy5 (red), Nucleus (blue)
Magnitude (x 400)

Fluorescent observation of rMIKO-1-FITC
Time lapse mode: rMIKO-1-FITC (10 ug/mL)
Time after the start: m (min)

Magnitude: high power field (x 1000)

Fluorescent immunochemical staining

NF-xB (FITC), rMIKO-1 (Cy5), and nucleus (DAPI).

Z1 to Z4: Microscopic images from several angles.
Horizontal and vertical arrows indicate rMIKO-1 in the
cytoplasm and nucleus of the cell, respectively.
Microscopic magnitude: super high power field (x 3000)

Fig. 4 Microscopic observations of the dynamic mobility of rMIKO-1 in macrophages and its intracellular localization. Macrophages (approx.
2x10° cells) were used in the in vitro study. (A) Flow cytometry was performed using macrophages and the rMIKO-1-FITC conjugate. Cells were
treated with the conjugate (10 pg/ml) on ice for 1 h, washed three times with 50 mM phosphate buffer (pH7.4)/0.9% NaCl, and re-suspended in
an adequate volume of the same buffer. Stained cells were analyzed using Coulter Counter Navios (Beckman Coulter Co., Ltd., Tokyo, Japan)
equipped with the AN50240 software. (A) Panel a indicates flow cytometry. Macrophages in panels b and ¢ were treated with rMIKO-1-FITC and
rat albumin-biotin, respectively, in which rat albumin-biotin was detected with the STA-Cy5 conjugate. (B) Macrophages (approx. 2x10° cells) were
exposed to the rMIKO-1-FITC conjugate (10 pg/ml) in 5% CO, at 37 C. After treatment initiation, the dynamic mobility of rMIKO-1-FITC in
macrophages was immediately observed using a fluorescent microscopy (BIOREVO BZ-X700, KEYENCE Co., Ltd., Osaka, Japan) by the time-
lapse mode at an interval of 10 min. Microscopic magnitude: super high power fields (x1,000). (C) Macrophages adhering to a thin cover glass were
exposed to the rMIKO-1-FITC conjugate at 37 C for 1 h in 5% CO,. After fixation, NF-xB p65 was stained using the specific monoclonal antibody
for NF-kB p65 (sc-8008) and the anti-mouse IgG (horse)-FITC conjugate, and rMIKO-1-biotin was detected by STA-CyS5. Microscopic images were
taken from several angles to three-dimensionally observe the location of rMIKO-1 in the nuclei of cells, which were counterstained with DAPI.
White horizontal arrows indicate NF-kB p65 in macrophages. White vertical arrows indicate the co-localization of rMIKO-1 and NF-kB p65 or their
complexes in the nuclei of macrophages. Panels are shown by super high power fields (x 3,000). *, P<0.05; **, P<0.01.

is capable of migrating inside the nucleus of mac-
rophages. It was detected in the cytoplasm and nucleus
of macrophages using preparative ELISA for rMIKO-1,
in which standard curves for ELISA were superimposed
(Fig. 5C). Therefore, the presence of rMIKO-1 in the
cytoplasm and nucleus of macrophages was confirmed
by both of these methods.

Possible Complexes of rMIKO-1 with NF-kB/
p65 or P -actin in the Cytoplasm and Nucleus
of Macrophages

ELISA for NF-xB p65 and p-actin was performed
to detect complexes of rMIKO-1-biotin with NF-kB p65
or f-actin in the cytoplasm and nucleus of macrophages
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ELISA was performed using an ELISA plate that
was preliminarily coated with mAbC6 as the first
antibody. rMIKO-1-biotin bound to the antibody was
detected by streptavidin-horseradish peroxidase
conjugate. A standard curve of the ELISA was
superimposed on upper right side.

Fig. 5 Detection of rtMIKO-1 in the cytoplasm and nucleus of macrophages by Western blotting and ELISA. Western blotting was performed to
detect rMIKO-1-biotin in the cytoplasm and nucleus of macrophages treated with tMIKO-1 at 37 C for 2 h in 5% CO,. (A) and (B) Lanes M, P, 1,
2, 3, and 4 indicate molecular markers, protein staining, rS100A8, rS100A9, rMIKO-1-biotin, and the negative control, respectively. rSTI00A8 and
rS100A9 were stained using mAb8A6-HRP and mAb1D11-HRP conjugates, respectively. rMIKO-1-biotin was detected using the STA-HRP conju-
gate adequately diluted with a working solution of Blocking One (Nacalai Tesque, Kyoto, Japan), in which 3,3’-diaminobenzidine tetrahydrochloride
n-hydrate and hydrogen peroxide were used as the substrates for color development. (C) Preparative ELISA for rMIKO-1 was performed to measure
rMIKO-1-biotin using an ELISA plate that was coated with a monoclonal antibody of mAbC6 (5 pg/ml) as the first antibody. rMIKO-1-biotin bound
to the first antibody was detected by the STA-HRP conjugate. HRP activity was spectrophotometrically assessed. A standard curve for rMIKO-
1-biotin was superimposed on the upper right side. Error bars are shown as means+SD values. *, P<0.05; **, P<0.01.

using a polycarbonate plate for ELISA, which was pre-
liminarily coated with the monoclonal antibody for
NF-xB p65 or p-actin (5 pg/ml) as the first antibody.
rMIKO-1-biotin composed of complexes was detected
by the STA-HRP conjugate (Fig. 6A). ELISA for NF-xB
p65 and P-actin showed positive reactions (Fig. 6B).
This result suggests that complexes of rMIKO-1 with
at least NF-kB p65 or f-actin formed in macrophages
treated with rMIKO-1. Fluorescent immunological
double staining showed that rMIKO-1 microscopically
shared its intracellular localization with NF-kB p65
or B-actin in these cells (Fig. 6C, panels C1 and C2).
Collectively, these results suggest that rMIKO-1 forms
a complex with NF-kB p65 or p-actin in the cytoplasm
of macrophages. To detect complexes of rMIKO-1 with

B-actin, immunoprecipitation was performed using two
types of monoclonal antibodies for rMIKO-1 (mAbC6
and mAbC5). B-actin was detected in the main fraction of
the cytoplasm and that of the nucleus, but only slightly in
the fraction of macrophages (Fig. 6D, panel D2).

DISCUSSION

In the present study, we described the potent ability
of the new hybrid protein, rMIKO-1, and presented data
to support our hypothesis that IMIKO-1 is a novel regula-
tor of excessively activated macrophages. Our strategy is
based on a difference in AA sequences between rS100A8
and rS100A9. We previously reported the potential
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Fig. 6 Possible complexes of rMIKO-1 with NF-kB p65 or p-actin in macrophages. (A) The principle of ELISA was schematically drawn in detail,
in which M1, HRP, and 0-PD indicate rMIKO-1, horseradish peroxidase, and o-phenylenediamine, respectively. (B) To detect the possible com-
plex of tMIKO-1 with NF-kB p65 or pB-actin, ELISA was performed using ELISA plates that were preliminarily coated with a specific antibody for
NF-kB p65 or p-actin (5 pg/ml each) as the first antibody. rMIKO-1-biotin, a component of the complexes, was detected by the STA-HRP conjugate.
HRP activity was assessed using o-PD and hydrogen peroxide as the substrates. (C) Fluorescent immunochemical double staining was performed
using a specific monoclonal antibody for NF-xB p65 or p-actin (5 pg/ml) as the first antibody. Monoclonal antibodies and rMIKO-1-biotin were
detected with anti-mouse IgG (horse)-FITC (secondary antibody, green) and STA-Cy5 (red) conjugates, respectively. C1: The colors of rMIKO-1,
NF-xB p65, and the nucleus are red, green, and blue, respectively. C2: rMIKO-1 (red), B-actin (green), and the nucleus (blue). Microscopic images
were shown using high power fields (x400). (D) SDS-PAGE and Western blotting were performed as previously described. Precipitated proteins
were separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (D1). Proteins in the gel were transferred to a nitrocellulose mem-
brane and Western blotting was performed using a specific monoclonal antibody for B-actin and the anti-mouse IgG (horse)-HRP conjugate as the
first and second antibodies, respectively (D2), in which M indicates molecular markers. Cy and Nu indicate extracted protein fractions of the cyto-
plasm and nucleus, respectively, of macrophages. H and L indicate the heavy and light chains, respectively, of the first antibody. *, P<0.05.

activity of rS100A8 as a regulator of rS100A9 functions
because of the promising roles of these two proteins in the

or C-terminal regions of each protein or in each three-
dimensional structure.

immune system; however, limited information is currently
available on their active centers. The biochemical and/or
immunological activities of protein molecules are gener-
ally conserved in the AA sequences around the N- and/

Hybridization is a simple and effective strategy for
developing novel therapeutic drugs, including peptides
and proteins [26]. Based on our previous findings, we
designed the frames of rMIKO-1 and its three derivatives
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to verify the active centers of rSI00A8 and rS100A9,
and successively produced them using gene technology
(Fig. 1). The limited mRNA expression of rS100A8 or
rS100A9 was induced by a stimulation with rMIKO-1 or
rMIKO-3, respectively (Fig. 3A and B). Alternatively,
rMIKO-2 and rMIKO-4 did not activate macrophages, as
indicated by the lack of a significant increase in rS100A8
and rS100A9 mRNA levels, respectively (Fig. 3B). These
results strongly suggest that at least two short AA regions
close to the N- and C-terminals of rS100A8 and rS100A9,
respectively, are specific AA regions for the expression of
their immune functions in macrophages.

No bleeding and marked accumulation of many
immune cells, such as macrophages and/or neutro-
phils, in the large colon of rats in the M, ; group were
observed at the terminal stage of the animal experi-
ment (Fig. 2C, panel M, ¢, Fig. 2D, panel FIHC). This
observation strongly suggests that rMIKO-1 contrib-
utes to inhibiting the NF-kB signal transduction path-
way in tissue macrophages in the large colon of rats
in the M, ¢ group. These results indirectly confirm our
hypothesis that rMIKO-1 strongly suppresses the onset
of experimental colitis by negatively regulating exces-
sive activation of tissue macrophages in the large colon
(Fig. 2B, panel M,, ). To prove our hypothesis, changes
in the mRNA levels of inflammatory cytokines in mac-
rophages are helpful for understanding the true function
of rMIKO-1 in macrophages. The mRNA expression of
inflammatory cytokines was significantly suppressed in
macrophages preliminarily treated with rtMIKO-1 for 1 h
despite a subsequent stimulation with LPS (10 pg/mL)
(Fig. 3C). In addition, the mRNA expression of inflam-
matory cytokines was not induced by rMIKO-1 alone,
suggesting no antigenicity of rMIKO-1 to macrophages.
These results support our hypothesis that rMIKO-1 func-
tions as a negative regulator of the excessive activation
of macrophages. In this context, rMIKO-1 may form a
complex with NF-kB in the cytoplasm and/or nucleus
of macrophages, or may form some components on the
NF-xB motif in the nucleus to inhibit the mRNA tran-
scription of inflammatory cytokines, as demonstrated by
the presence of rMIKO-1 in the cytoplasm and nucleus
of macrophages (Fig. 5A and B).

The dynamic mobility of rMIKO-1 in macrophages
was important for understanding its potential activity in
the immune system (Fig. 4). rMIKO-1 appeared to bind
to activated macrophages in a specific manner and quickly
migrated inside the nucleus (indicated by vertical arrows)
through the cytoplasm (indicated by horizontal arrows);
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however, the mechanisms have not yet been elucidated in
detail. Nevertheless, rMIKO-1 appears to play an impor-
tant role(s) in the activated macrophages. To clarify the
possibility, we performed Western blotting and found that
rMIKO-1 was present in both the cytoplasm and nucleus
of macrophages (Fig. 5), and that a possible complex of
rMIKO-1 with NF-xB p65 or B-actin was detected in the
cytoplasm and nucleus of macrophages using the pre-
parative ELISA system (Fig. 6B). Furthermore, rMIKO-1
microscopically shared its intracellular localization in
macrophages with NF-xB p65 or p-actin (Fig. 6C, pan-
els C1 and C2). These results suggest that rMIKO-1
migrates on target DNA chains in the nucleus of mac-
rophages to inhibit the mRNA transcription of inflamma-
tory cytokines by concealing a specific region, e.g., the
NF-xB motif. A schematic drawing of the intracellular
mobility of rtMIKO-1 in macrophages is tentatively shown
in Fig. 7. Therefore, rMIKO-1 may inhibit intracellular
signaling pathways, such as NF-xB, mitogen-activated
protein kinase, and/or myeloid differentiation primary
response 88. However, further investigations are war-
ranted to elucidate the mechanisms underlying the dyna-
mism of rMIKO-1 in more detail.

As suggested above, rMIKO-1 may contribute to
the inhibition of some signal transduction pathways in
order to induce inflammation in the rectal tissue of rats
with DSS-induced experimental colitis. Among these
pathways, the NF-kB p65 pathway via TLR4 may be a
pivotal pathway, as shown in Fig. 7. We herein hypoth-
esized that rMIKO-1 forms complexes with NF-kB p65
and/or f-actin in macrophages. We attempted to detect,
albeit indirectly, these complexes using ELISA. A posi-
tive reaction was observed (Fig. 6B), which suggested
the existence of a complex between rMIKO-1 and NF-xB
p65 or B-actin. These results indicate that rMIKO-1 is
capable of neutralizing the activity of NF-xB p65 in the
cytoplasm and/or nucleus of macrophages leading to
the downregulation of inflammatory cytokines’ mRNAs
expression in cells. Although the mechanisms underly-
ing the migration of these complexes inside the nucleus
of macrophages remain unclear, f-actin in the cytoplasm
may contribute to the transportation of rMIKO-1 inside
the nucleus because f-actin was detected by immuno-
precipitation (Fig. 6D, panel D2). Microscopic images
showing that rMIKO-1 shared its intracellular localiza-
tion with NF-kB p65 and f-actin in macrophages also
appear to support our hypothesis (Fig. 6C, panels C1 and
C2). Therefore, rMIKO-1 may inhibit a pivotal pathway,
the NF-kB pathway, via TLR4 in cells.
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rMIKO-1).

The accumulation of many immune cells was not
observed microscopically in the large colon of rats in
the M), group, which strongly suggests that rMIKO-1
prevented the migration of immune cells, such as mac-
rophages, in the D group. Therefore, the limiting effects
of rMIKO-1 on excessively activated macrophages may
prevent further signal transduction to immune cells, such
as neutrophils and lymphocytes, via other paracrine path-
ways. The effects of rMIKO-1 on immune cells with high
division activity, such as reproductive and stem cells, have
not yet been investigated. We speculate that rMIKO-1
ameliorates abnormalities in unusual macrophages in the
large colon of rats with experimental colitis, but does
not terminate their activity. The ability of macrophages
to eliminate infectious agents from the body may be

maintained, but not perfectly, in macrophages. rMIKO-1
may be digested by a complex mechanism after it has
exerted its effects on macrophages. Although rMIKO-1
is not a mutagenic protein, its biochemical properties
remain unclear. Therefore, further studies are warranted.

The number of individuals infected with corona-
virus disease 2019 (COVID-19) continues to increase
worldwide and is threatening humanity itself. This pan-
demic is contributing to the dissociation of medical sys-
tems in many countries. A large number of patients cur-
rently have severe pneumonia and/or respiratory failure
and, despite treatment, may ultimately die. Although the
cause of death by COVID-19 remains unclear, one rea-
son may be due to the cytokine storm, which is derived
from the excessive activation of immune cells, such as
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macrophages, lymphocytes, and neutrophils, in lung
tissue. rMIKO-1 may effectively ameliorate the effects
of the cytokine storm. Therefore, further studies on the
effectiveness of rMIKO-1 to suppress the cytokine storm
are underway. Collectively, the present results indicate
that the specific properties of rMIKO-1 characterized by
dynamic mobility in macrophages attenuate severe pneu-
monia associated with COVID-19.

CONCLUSIONS

We herein suggested that rMIKO-1 functions as a
novel regulator of experimental colitis in rats through
the negative regulation of the excessive activation of
macrophages in the large colon. rMIKO-1 may be clini-
cally beneficial for patients with inflammatory diseases,
including inflammatory bowel diseases, such as UC and
CD, and acute pneumonia, because its target cells are
currently activated macrophages. The present results will
contribute to the discovery of more effective medicines
or therapeutic agents in the future.
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