{: SCISPACE

formerly Typeset

@ Open access « Journal Article - DOI:10.1002/STEM.3360

Gap junction-mediated cell-cell interaction between transplanted mesenchymal
stem cells and vascular endothelium in stroke. — Source link [/

Akie Kikuchi-Taura, Yuka Okinaka, Orie Saino, Yukiko Takeuchi ...+7 more authors

Institutions: Foundation for Biomedical Research, Gulf Coast Regional Blood Center, Fraunhofer Society,
University of Warwick

Published on: 01 Jul 2021 - Stem Cells (John Wiley & Sons, Ltd)

Topics: Stem cell, Cell—cell interaction, Mesenchymal stem cell, Microglia and Cell therapy

Related papers:

Bone Marrow Mononuclear Cells Activate Angiogenesis via Gap Junction-Mediated Cell-Cell Interaction
Mesenchymal Stem/Multipotent Stromal Cells from Human Decidua Basalis Reduce Endothelial Cell Activation
Cord Blood Mesenchymal Stromal Cell-Conditioned Medium Protects Endothelial Cells via STAT3 Signaling
Platelet derived bFGF mediates vascular integrative mechanisms of mesenchymal stem cells in vitro

Role of Notch1 in the arterial specification and angiogenic potential of mouse embryonic stem cell-derived
endothelial cells.

Share this paper: @ ¥ M &

View more about this paper here: https://typeset.io/papers/gap-junction-mediated-cell-cell-interaction-between-
3wzky8mwv5s


https://typeset.io/
https://www.doi.org/10.1002/STEM.3360
https://typeset.io/papers/gap-junction-mediated-cell-cell-interaction-between-3wzky8mwv5
https://typeset.io/authors/akie-kikuchi-taura-50jcwhf68o
https://typeset.io/authors/yuka-okinaka-1o325yvtb8
https://typeset.io/authors/orie-saino-3e1qdwqh15
https://typeset.io/authors/yukiko-takeuchi-3w54m1st6n
https://typeset.io/institutions/foundation-for-biomedical-research-1k0sqrd4
https://typeset.io/institutions/gulf-coast-regional-blood-center-2sww98zn
https://typeset.io/institutions/fraunhofer-society-17zb9jzp
https://typeset.io/institutions/university-of-warwick-2qbb0vk1
https://typeset.io/journals/stem-cells-3fnwf21f
https://typeset.io/topics/stem-cell-2712jit8
https://typeset.io/topics/cell-cell-interaction-3f7qqqzr
https://typeset.io/topics/mesenchymal-stem-cell-1glayiwm
https://typeset.io/topics/microglia-1ubyq4x7
https://typeset.io/topics/cell-therapy-1xen1va8
https://typeset.io/papers/bone-marrow-mononuclear-cells-activate-angiogenesis-via-gap-1sx1wil7ms
https://typeset.io/papers/mesenchymal-stem-multipotent-stromal-cells-from-human-3x1avyrsd9
https://typeset.io/papers/cord-blood-mesenchymal-stromal-cell-conditioned-medium-rrs5a28dnf
https://typeset.io/papers/platelet-derived-bfgf-mediates-vascular-integrative-2knf68i4lv
https://typeset.io/papers/role-of-notch1-in-the-arterial-specification-and-angiogenic-1ey834wv9u
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/gap-junction-mediated-cell-cell-interaction-between-3wzky8mwv5
https://twitter.com/intent/tweet?text=Gap%20junction-mediated%20cell-cell%20interaction%20between%20transplanted%20mesenchymal%20stem%20cells%20and%20vascular%20endothelium%20in%20stroke.&url=https://typeset.io/papers/gap-junction-mediated-cell-cell-interaction-between-3wzky8mwv5
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/gap-junction-mediated-cell-cell-interaction-between-3wzky8mwv5
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/gap-junction-mediated-cell-cell-interaction-between-3wzky8mwv5
https://typeset.io/papers/gap-junction-mediated-cell-cell-interaction-between-3wzky8mwv5

Manuscript version: Author’s Accepted Manuscript
The version presented in WRAP is the author’s accepted manuscript and may differ from the
published version or Version of Record.

Persistent WRAP URL:
http://wrap.warwick.ac.uk/150327

How to cite:

Please refer to published version for the most recent bibliographic citation information.
If a published version is known of, the repository item page linked to above, will contain
details on accessing it.

Copyright and reuse:
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions.

Copyright © and all moral rights to the version of the paper presented here belong to the
individual author(s) and/or other copyright owners. To the extent reasonable and
practicable the material made available in WRAP has been checked for eligibility before
being made available.

Copies of full items can be used for personal research or study, educational, or not-for-profit
purposes without prior permission or charge. Provided that the authors, title and full
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata
page and the content is not changed in any way.

Publisher’s statement:
Please refer to the repository item page, publisher’s statement section, for further

information.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk.

warwick.ac.uk/lib-publications


http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/150327
mailto:wrap@warwick.ac.uk

—

w

© 00 3 O Ot

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Gap junction mediated cell-cell interaction between transplanted
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Abstract

We have shown that transplanted bone marrow mononuclear cells (BM-MNC), which are a cell

fraction rich in hematopoietic stem cells, can activate cerebral endothelial cells via gap junction

mediated cell-cell interaction. In this article, we investigated such cell-cell interaction between

mesenchymal stem cells (MSC) and cerebral endothelial cells. In contrast to BM-MNC, MSC

we observed suppression of vascular endothelial growth factor (VEGF) uptake into endothelial

cells and transfer of glucose from endothelial cells to MSC in vitro. The transfer of such a small

molecule from MSC to vascular endothelium was subsequently confirmed in vivo, and was

followed by suppressed activation of macrophage/microglia in stroke mice. The suppressive

effect was absent by blockade of gap junction at MSC. Furthermore, gap junction mediated

cell-cell interaction was observed between circulating white blood cells (WBC) and MSC. Our

findings indicate that gap junction mediated cell-cell interaction is one of the major pathways

for MSC-mediated suppression of inflammation in the brain following stroke and provides a

novel strategy to maintain blood brain barrier in injured brain. Furthermore, our current results

have the potential to provide a novel insight for other ongoing clinical trials which make use of

MSC transplantation aiming to suppress excess inflammation, as well as other diseases such as

COVID-19 (Coronavirus Disease 2019).
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Significance Statement

We have demonstrated that gap junction mediated direct cell-cell interaction between

transplanted mesenchymal stem cells (MSC) and cells of a recipient, including endothelial

cell and circulating lymphocyte/monocyte, is one of the prominent pathways that suppress

excessive inflammation following MSC transplantation. Our current results have the potential

to provide novel insights in clinical trials that make use of MSC transplantation aiming to

suppress excess inflammation. This is also relevant for other diseases including COVID-19

(Coronavirus Disease 2019) which can cause fatal multiple organ failure due to vascular

deterioration and cytokine storm.
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Introduction

Mesenchymal stem cells (MSC), bone marrow mononuclear cells (BM-MNC) and neural stem
cells are the major cell sources in cell-based therapies for stroke.! However, the therapeutic
mechanism of each therapy has been difficult to elucidate and this is likely to be a consequence
of their complex composition. Therefore, significant research is underway to generate the next
generation of cell-based therapies with improved characteristics. Recently, we demonstrated
that direct cell-cell interaction between transplanted BM-MNC and cerebral endothelial cells
via gap junction following cell transplantation is the prominent pathway for activation of
regenerative processes after ischemia.? Our findings revealed that BM-MNC activate injured
endothelial cells by providing glucose via gap junction and accelerate VEGF uptake into
endothelial cells followed by activation of angiogenesis at post stroke brain.?

Similar to BM-MNC transplantation in stroke, a number of clinical trials of MSC
transplantation in stroke are ongoing® and multiple therapeutic mechanisms have been proposed,
including the acceleration of angiogenesis,® secretion of multiple cytokines and
immunomodulation.’ However, the significance of the proposed mechanisms have largely been
unclear. In this article, we report that MSC receive glucose from endothelial cells via gap
junction and suppress VEGF uptake into endothelial cells followed by stabilization of the blood

brain barrier in ischemic brain. This finding is essentially the converse of what was expected
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with regards to cell-cell interaction between BM-MNC and endothelial cell.

Materials and Methods

The following study was approved by the Animal Care and Use Committee of Institute of

Biomedical Research and Innovation and complies with the Guide for the Care and Use of

Animals published by the Ministry of Education, Culture, Sports, Science and Technology in

Japan. Experiments and results are reported according to the ARRIVE guidelines. A detailed

methodological description is available in the supplement.

Preparation of murine mesenchymal stem cells (MSC)

Murine MSC obtained from C57BL/6 mice were purchased from Cyagen Biosciences (CA,

USA). MSC were cultured with growth medium (OriCell Mouse MSC Growth Medium;

Cyagen Biosciences) according to the manufacturer’s protocol. After thawing the freezing

ampule, cold growth medium was added, and the cell suspension was centrifuged and the

supernatant removed. The re-suspended cells in growth medium were seeded into a flask and

incubated at 37°C and 5% COa. After reaching 80-90% confluence, cells were dissociated with

0.25% Trypsin-EDTA (Thermo Fisher, MA, USA) and expanded. The growth medium was

changed every three days. Cells in passage 9 were used for in vitro and in vivo experiments.

Human vascular endothelial growth factor (hVEGF) uptake into human umbilical vein
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endothelial cell (HUVEC)

Human umbilical vein endothelial cells (HUVEC, Kurabo, Osaka, Japan) were cultured with
medium, serum and growth factors (HuMedia-EB2, Kurabo) according to manufacturer’s
protocol. HUVEC in passage 6 were used for all experiments. VEGF uptake was evaluated the
methods as described elsewhere.? Biotin-conjugated hVEGF (R&D Systems, Minneapolis, MN,
USA) was incubated with streptavidin-conjugated APC (Thermo Fisher), at a 4:1 molar ratio
for 10 minutes at room temperature. HUVEC were harvested and suspended in PBS containing
1% fetal bovine serum (FBS, Thermo Fisher). MSC (1x10° cells) and APC-labeled hVEGF (10
nM) was added to 1x10° HUVEC, and incubated for 3 hours at 37°C. After co-incubation, cells
were washed twice with PBS and stained with PE-conjugated anti-human CD31 antibody (BD
Bioscience, MA, USA), FITC-conjugated anti-mouse Scal antibody (BD Bioscience, NJ, USA),
and 7-AAD (BD Bioscience). The level of APC in HUVEC (CD31-positive, Scal-negative and
7AAD-negative) was evaluated using a FACS Calibur fluorescent cell sorter (BD Bioscience).
To evaluate the relevance of gap junction mediated cell-cell interaction between HUVEC and
MSC, MSC were incubated with the gap junction uncoupling agent 1-octanol (1 mM; Merck,
NJ, USA) or gap junction-blocking carbenoxolone (CBX: 100 uM; Sigma, MO, USA) for 10
minutes, and then washed twice with HuMedia-EB2 before co-culturing with HUVEC.

Glucose concentration measurements
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The glucose concentrations in MSC and HUVEC were measured using a glucose assay kit
(Biovision, CA, USA) according to manufacturer’s protocol. Briefly, 2x10° MSC or 2x10°
HUVEC were incubated with HuMedia-EB2 (0.1% glucose) for 1 hour and washed twice with
PBS before cell lysis. The glucose and protein concentration in cell lysates was evaluated by
glucose assay kit.

Glucose homologue transfer between HUVEC and MSC

HUVEC and MSC were incubated with 25 pM 2-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-
2-deoxyglucose (2-NBDG; Peptide Institute, Osaka, Japan) in HuMedia-EB2 without glucose
(Kurabo) for 1 hour at 37°C. After washing the cells twice with PBS, 1x10° of HUVEC or MSC
were co-cultured in 100 ul PBS for 3 hours at 37°C. Mean fluorescence intensity in each cell
type were measured using FACS. For control, 1x10° HUVEC or 1x10° MSC alone were
cultured in 100 pl PBS for 3 hours at 37°C. HUVEC and MSC without 2-NBDG were also
prepared as 2-NBDG negative controls.

Loading of low molecular weight fluorescence molecules in cytoplasm of MSC or white
blood cells (WBC)

MSC were incubated with 5 uM 2'7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein,
acetoxymethyl ester (BCECF-AM; Dojindo, Kumamoto Japan) for 30 minutes at 37°C

according to manufacturer’s protocol. BCECF-AM is converted to 2',7'-bis-(2-carboxyethyl)-



136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

5-(6)-carboxyfluorescein (BCECF) in the cytoplasm and BCECF-loaded MSC were washed
twice with PBS before use for in vitro and in vivo experiments. Murine blood samples were
obtained following puncture of the left ventricle of 9 week old male C57BL/6 mice (Clea Japan,
Tokyo, Japan) with heparin sodium 50 U/mL (Mochida Pharmaceutical, Tokyo, Japan) and red
blood cells were lysed with red blood cell lysis buffer (BD Bioscience) according to the
manufacture’s protocol. BCECF-loaded WBC was prepared by the same way with MSC. 1x10°
BCECF-loaded WBC were incubated with 1x10° BCECF-unloaded MSC for 2 hours and the
transfer of BCECF from WBC to MSC via gap junction was evaluated by FACS? without or
with blockade of gap junction of MSC by 1-octanol as we described above. Cell populations
(Ilymphocytes, monocytes and granulocytes) were characterized using FACS as described
previously.®

Induction of focal cerebral ischemia and injection of MSC

A murine stroke model with excellent reproducibility that made use of 7-week-old male CB-17
mice (C.B-17/Icr- +/+Jcl: Oriental yeast, Tokyo, Japan) was utilized as described previously.’
Briefly, permanent focal cerebral ischemia was induced by permanent ligation and
disconnection of the distal portion of the left middle cerebral artery (MCA) using bipolar
forceps under 3% halothane inhalation anesthesia. During surgery, rectal temperature was

monitored and controlled at 37.0+0.2°C by a feedback-regulated heating pad. Cerebral blood



154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

flow (CBF) in the MCA area was also monitored. Mice showing a >75% decrease in CBF
immediately after MCA occlusion were used for in vivo experiments (success rate was 100%).
The weight of animals was ~20-25 grams before surgery. Twenty four hours after induction of
stroke, 5x10°> MSC or heparinized HBSS were injected via a tail vein.
Immunohistochemistry

Mice were anesthetized using sodium pentobarbital and perfused transcardially with saline
followed by 4% paraformaldehyde (PFA). The brain was carefully removed and cut into coronal
sections (20 um) using a vibratome (Leica, Wetzlar, Germany). Sections were immunostained
with primary antibodies against CD31 (BD Pharmingen, CA, USA; 1:50), connexin 37 (Cloud-
Clone, TX, USA; 1:50), connexin 43 (Proteintech, IL, USA; 1:200) or DAPI (Thermo Fisher,
1:1,000). Alexa 555-coupled antibody (Novus Biologicals, CO, USA) was used as the
secondary antibody to visualize CD31. Alexa 647 (Novus Biologicals)-coupled secondary
antibodies were used to detect connexin 37 or connexin 43 antibody. Anti-F4/80 (Serotec NC,
USA; 1:50), was visualized by the 3,3'-diaminobenzidine (DAB) method and counterstained
with Mayer’s Hematoxylin Solution (Wako, Osaka, Japan). The number of F4/80* cells in
0.25mm? were counted in a blinded manner.

For in vitro analysis of BCECF transfer from MSC to HUVEC, BCECF-loaded MSC (1x10*

cells) were co-cultured with HUVEC (1x10° cells) for 1 hour. After co-culture, cells were fixed
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with 4% PFA for 15 minutes and stained with anti-Sca-1 antibody (BD Pharmingen, 1:50) and
vWF (Merck 1:500) for identification of MSC and HUVEC respectively.

Data analysis

Statistical comparisons among groups were determined using one-way analysis of variance
(ANOVA). Where indicated, individual comparisons were performed using Student's t-test. In

all experiments, the mean + SD are reported.

Results

MSC suppress VEGF uptake into HUVEC through gap junction mediated cell-cell
interaction

VEGF is one of the most prominent pro-angiogenic factors.> Cerebral endothelial cells are
known to uptake VEGF followed by activation of angiogenesis with increased permeability of
blood brain barrier.® We previously showed that BM-MNC increase VEGF uptake into HUVEC
via gap junction mediated cell-cell interaction.” To investigate the analogous property of MSC,
these were co-cultured with HUVEC and any changes in VEGF uptake into HUVEC were
assessed. Surprisingly, a significant reduction of VEGF uptake into HUVEC was observed
when co-cultured with MSC (Figure 1A). To evaluate the importance of gap junction channel

of MSC, its 1-octanol or carbenoxolone’ mediated blockade was investigated. Our results show

10
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that the blockade of gap junction of MSC are abolished when co-incubated with HUVEC. These
findings indicate that MSC reduce VEGF uptake into HUVEC by gap junction-mediated cell-
cell interaction, in contrast to BM-MNC that increase VEGF uptake into HUVEC.

Glucose concentration in MSC and HUVEC

We previously showed that the glucose concentration in BM-MNC is significantly higher than
in HUVEC and that the transfer of glucose from BM-MNC to endothelial cells is one of the
triggers that activates angiogenesis in endothelial cells. To investigate the analogous property
of MSC, the concentration of glucose in MSC and endothelial cells was compared in vitro. In
marked contrast to our expectation, MSC were shown to contain approximately half the
concentration of glucose when compared with HUVEC (Figure 1B). The transfer of uptaken
glucose between HUVEC and MSC was evaluated using the fluorescence-positive glucose
homologue 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG)?.
MSC and HUVEC was separately incubated with 2-NBDG and washed twice before co-culture.
A significant decrease in 2-NBDG levels was observed in HUVEC when co-cultured with MSC
(Figure 1C). To confirm the importance of gap junction mediated cell-cell interaction between
HUVEC and MSC, the gap junction channel of MSC was blocked by 1-octanol or
carbenoxolone, and co-incubated with HUVEC. As expected, blockade of the gap junction

channel of MSC resulted in decreased 2-NBDG levels in these cells. In contrast, the levels of

11
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2-NBDG in MSC were significantly increased when co-cultured with HUVEC (Figure 1D).
These findings indicate that the glucose concentration in MSC is reduced, which contrasts to
that of BM-MNC that increases glucose concentration of HUVEC via gap junction mediated
cell-cell small molecule transfer.

In vivo cell-cell interaction between transplanted MSC and endothelial cells through gap
junction

In our previous study, we demonstrated in vivo cell-cell interaction between transplanted BM-
MNC and endothelial cells through gap junction using BCECF-loaded BM-MNC2. To
investigate the analogous property of MSC, BCECF-loaded MSC were transplanted
intravenously into mice at 24 hours after MCA occlusion. Mice were sacrificed 10 minutes after
MSC transplantation, and co-localization of gap junctions and transferred BCECF in
endothelial cells was evaluated by fluorescence confocal microscopy. Transferred BCECF-
positive signals were observed in endothelial cells at 10 minutes after cell transplantation,
mostly overlapping with connexin 37 or 43 (Figure 2A-D). As in the case of BM-MNC
transplantation following stroke,” transplanted MSC nor obstruction of cerebral vasculature by
transplanted MSC were rarely observed in the stroke area. It is noteworthy that the expression
of connexin 37 or 43 were observed in the cell membrane of endothelial cells which are adjacent

to the transferred BCECF signal at nuclei/cytosol of the cells. These findings indicate direct

12
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cell-cell interaction via gap junction between MSC and endothelial cells in vivo, and are

analogous to the cell-cell interaction between BM-MNC and endothelial cells following stroke.

To confirm BCECF-positive signal transfer from MSC to endothelial cells in vitro, BCECF-

loaded MSC were cultured with HUVEC and BCECF-positive HUVEC were observed (Figure

2E).

Blockade of gap junction channels of transplanted MSC abolishes anti-inflammatory

effects of MSC in mice brain

MSC are known to suppress inflammatory reactions following stroke, including

> However, the mechanism of

macrophage/microglia activation in the affected brain.
inflammatory suppression by MSC transplantation in ischemic brain has been disputed. To
evaluate the contribution of gap junction mediated cell-cell interaction between transplanted
MSC and endothelial cells on suppression of inflammatory reactions following stroke, the effect
of MSC with or without gap junction channel blockade was investigated. The results show a
significant reduction of macrophage/microglia activation (number of F4/80* cells) at 72 hours
after induction of stroke (Figure 3A), although the anti-inflammatory effect was absent when
MSC were pre-treated with the gap junction blocker prior to transplantation (Figure 3B). These

findings indicate the significance of the gap junction mediated cell-cell interaction between

MSC and endothelial cells in vivo to suppress inflammatory reactions following stroke.

13
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Cell-cell interaction between MSC and circulating WBC

Circulating WBC are also known to express gap junction.!” To investigate direct cell-cell
interaction between transplanted MSC and circulating WBC, transfer of small molecules from
WBC to MSC was evaluated in vitro. As shown in Figure 4A, transfer of BCECF from WBC
to MSC was observed and the transfer was inhibited by the blockade of gap junction. Analysis
of WBC with or without co-culture with MSC revealed the level of BCECF was significantly
decreased in lymphocyte and monocyte by co-culture with MSC (Figure 4B). These findings
indicated the transplanted MSC affect circulating WBS along with injured endothelial cells in

brain and major WBC that react with MSC are lymphocyte and monocyte.

Discussion

We have demonstrated that MSC decreases VEGF uptake into endothelial cells in vitro and
suppress inflammation in vivo through gap junction mediated cell-cell interaction. Our findings
indicate that gap junction-mediated signaling is one of the major pathways for MSC-mediated
suppression of inflammation in the brain following stroke.

A gap junction channel between two cells is composed of two connexin in each half of the cell
pair and they allow the prompt movement of small molecules according to their concentration

gradient between cells.!! In our previous study, we had shown BM-MNC increases VEGF

14
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uptake into endothelial cells via gap junction mediated cell-cell interaction and transfer of
glucose from BM-MNC to endothelial cells via gap junction triggers angiogenesis.? Since one
of the proposed therapeutic mechanisms of MSC transplantation for stroke had been
acceleration of angiogenesis,* we expected a similar therapeutic mechanism in MSC with BM-
MNC. However, the transfer of glucose from endothelial cells to MSC was observed in this
study with decreased VEGF uptake into endothelial cells by gap junction-mediated cell-cell
interaction. These findings indicate that the therapeutic mechanisms of MSC and BM-MNC
would be significantly different (Figure SA-B).

Uptake of VEGF is one of the key signals for endothelial cells to activate angiogenesis and
increase permeability of barrier function following increased inflammation in ischemic brain.!'*
'4In contrast, suppression of VEGF uptake attenuates blood-brain barrier disruption.'> We have
demonstrated that MSC suppressed VEGF uptake of endothelial cells in vitro and intravenous
injection of MSC reduced inflammatory responses at peri-stroke area. Furthermore, inhibition
of gap junction channel of MSC abolishes the effect of MSC in vitro and in vivo. These results
indicate that transplanted MSC suppressed inflammatory response in brain by inhibiting VEGF
uptake into cerebral endothelial cells via gap junction mediated cell-cell interaction.

Pericytes are known to be one of the MSC!® that are important for the stabilization of the blood-

brain barrier.!” Pericytes and cerebral endothelial cells are connected via gap junction and their

15
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dissociation after ischemia had been shown to increase permeability followed by activation of
macrophages.!” These findings suggest that transplanted MSC can substitute the function of
dissociated pericytes.

We have demonstrated that small molecules can be transferred from circulating WBC to MSC
via gap junction (Figure 5C). Our results also indicate that the major cell populations that react
with MSC are lymphocytes and monocytes, but not granulocytes. Lymphocyte causes graft-
versus-host disease (GvHD) after allogenic hematopoietic stem cell transplantation'® and MSC
transplantation is known to have a therapeutic effect in GvHD, although the mechanism is not
fully understood.'® Activation of lymphocytes are known to be related to increased glucose level
in lymphocytes®® and glucose is one of the major factors that are transferred via gap junction
between cells.? Our current results relating to the small molecule outflow from lymphocytes to
MSC via gap junction provides a novel insight of MSC therapy for GYHD. MSC transplantation
is also known to have a therapeutic potential for COVID-19, although this mechanism is not
fully understood either.?! Fatal vascular deterioration caused by cytokine release syndrome has
been shown to be critical COVID-19 patients?? and the major players of cytokine release
syndrome caused by COVID-19 are monocytes, lymphocytes and endothelial cells.>* Our
current data indicate that MSC have the potential to directly regulate monocyte, lymphocyte

and endothelial cells via gap junction mediated cell-cell interaction. Although further studies
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are required to reveal the full linkage between MSC, monocytes, lymphocytes and endothelial
cells via gap junction mediated cell-cell interaction, extending our hypothesis to COVID-19,
although speculative at present has the potential to provide a novel insight for new therapeutic
strategy against the COVID-19 cytokine storm.

In conclusion, our findings establish that gap junction mediated direct cell-cell interaction
between transplanted MSC and cells of recipient, including endothelial cells and circulating
lymphocyte/monocyte is highly significant. Furthermore, our current results have potential to
provide a novel insight to other clinical trials that make use of MSC transplantation aiming to

suppress excess inflammation, which are ongoing for various diseases including COVID-19.%
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Figure Legends

Figure 1. Decreased hVEGF uptake into HUVEC when co-cultured with MSC and glucose

transfer between these cells

(A) APC-labelled VEGF uptake in HUVEC was evaluated using FACS. The percentage of

APC-positive HUVEC was significantly decreased when co-cultured with MSC. Blockade of

gap junction of MSC by 1-octanol (OCT) or carbenoxolone (CBX) abolishes this effect. (B)

Glucose concentration in HUVEC was higher than that in MSC in the steady state. (C)

Decreased 2-NBDG levels was observed in HUVEC during co-culture with MSC. It is

noteworthy that blockade of gap junction of MSC by 1-octanol (OCT) or carbenoxolone (CBX)

abolishes this effect. (D) In contrast, the level of 2-NBDG in MSC was increased when co-

cultured with HUVEC. Blockade of gap junction of MSC by 1-octanol (OCT) or carbenoxolone

(CBX) abolishes this effect. **p<0.01, (A, D), *p<0.05 (B, C). n=3 in each group (A-D).

Figure 2. Localization of gap junction and transfer of BCECF in endothelial cells

(A,B) Co-localization of connexin 37 (light blue) and transferred BCECF (green) was observed

in cerebral endothelial cells (red) (A). Merged image with explanation (B). (C, D) Co-

localization of connexin 43 (light blue) and transferred BCECF (green) in endothelial cells (red)

(C). Merged image with explanation (D). (E) After co-incubation with BCECF-loaded Sca-1
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positive MSC (red), transferred BCECF (green) was observed at vWF-positive HUVEC (light
blue). Scale bars: 5 pm (A,C), 1lpm (B,D), 100um (E). Arrow heads indicate vWF-positive

HUVEC (E).

Figure 3. MSC suppress excess inflammation following stroke

(A) Representative images of F4/80" at 72 hours following stroke. MSC transplantation
significantly suppressed the number of F4/80" cells in the lesion border zone. (B) Application
of a gap junction blocker (1-octanol) reduced the anti-inflammatory effect of MSC. *p<0.01 vs

control, N=6 in each group (A, B).

Figure 4. Gap junction mediated cell-cell interaction between circulating WBC and MSC
(A) FACS analysis reveals transfer of low molecular weight substance (BCECF) from WBC to
MSC. The transfer was inhibited by the blockade of gap junction of MSC by 1-octanol. (B) The
level of BCECF was significantly decreased in monocytes and lymphocytes when co-incubated
with MSC. **p<0.01 vs control (A). *p<0.05 and **p<0.01 vs MSC(-) control (B). n=4 (A)

and n=3 (B) in each group.

Figure 5. Schematic representation of our conclusions
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(A) We have previously demonstrated that BM-MNC, which have a higher glucose

concentration than endothelial cells, supply glucose to endothelia cell via gap junction followed

by increased uptake of VEGF into endothelial cell with activation of angiogenesis. (B) In

marked contrast, MSC have lower glucose concentration than endothelial cells. The reverse

glucose flow suppresses VEGF uptake into endothelial cell followed by reducing the blood

brain barrier permeability. (C) In addition to the interaction between MSC and endothelial cells,

direct cell-cell interaction via gap junction was observed between MSC and circulating

lymphocytes/monocytes.
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