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Endothelin 1 (ET-1), mainly produced from vascular endothelial cells, induces vasoconstriction in
physiological conditions. The endothelin receptor antagonist is among the most effective agents for
pulmonary hypertension. However, little is known about the production source of ET-1 in inflammation
and immunity. Here, we studied whetherT cell-mediated ET-1 production system exists and operates
independent of the production system in vascular endothelial cells. ET-1 production was readily
detectable in the culture supernatant of human PBMCs and murine spleen cells stimulated with
anti-CD3 antibody. Immunocytostaining showed that ET-1-producing cells emerged only in PBMCs
stimulated with anti-CD3 antibody. Using the Transwell system, both murine and human monocytes
sorted with magnetic beads in the inner chamber produced ET-1 when T cells were activated with
antigen or anti-CD3 antibody in the outer chamber. This ET-1 production was inhibited by anti-IFN-~
and/or TNF-a antibody. Furthermore, monocytes purified from ET1Xfox;Tie2-Cre(+ ) mice, which
conditionally lack ET-1 in hematopoietic stem cells and vascular endothelial cells, did not produce ET-1
even when stimulated by antigen-specific T cell activation. This study demonstrates the existence of an
immune-mediated ET-1 production induced by T cells upon activation through IFN-~ and TNF-a.

A prominent role for the endothelin (ET) system in the physiological regulation of blood pressure has been
. long recognized'. Endothelin 1 (ET-1) is a major factor that induces vasoconstriction and is mainly produced
: by vascular endothelial cells, the primary source of ET-1 in physiological conditions2 Binding of ET-1 to the
. endothelin type A receptor (ETa) results in vasoconstriction, growth, and remodeling effects'. Focusing on this
. mechanism, endothelin receptor antagonists were developed and have proven to be among the most effective
. therapeutic agents, especially for controlling pulmonary hypertension®*.
: Recently, in addition to regulation of the circulatory system through ET-1 from vascular endothelial cells,
an increasing body of evidence suggests that the ET-1 system may play a role in some experimental models
. of inflammation®'!. Although the ET-1 production system has been well investigated in normal physiology in
. vascular endothelial cells, whether a specific ET-1 production system works in inflammatory conditions remains
© to be determined. Some investigators have suggested that immune cells such as macrophages'>"'* and dendritic
cells synthesize ET-1'°. Production of ET-1 from these cells may occur via lipopolysaccharide stimulation' or
an autocrine loop mechanism'®. However, immune-mediated ET-1 producing system other than LPS-triggering
ET-1 production remains to be determined.

For this reason, we postulate the possible relationship between T cells and ET-1 producing cells in an
immune-mediated ET-1 production system. In our current study, we explored the existence of an ET-1 pro-
duction and induction system that is related to the immune system, and demonstrate a newly discovered T
cell-mediated vascular endothelial cell-independent ET-1 production system by using human and murine
immune cells.
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Figure 1. ET-1 production by immune cells following anti-CD3 Ab-mediated activation of T cells in murine
spleen cells and human PBMCs. ET-1 production in the culture supernatant of 1 x 106 cells/well of (a) murine
spleen cells (b) human PBMCs from 20 healthy donors cultured for 24 h with or without stimulation with 10 ug/
ml immobilized anti-human CD3 Ab or control IgG1. The value under the limit of detection (0.39 pg/ml) with
ET-1 ELISA assay was defined as 0.39 pg/ml. The assays were performed in triplicate wells. Data are expressed as
the mean + SEM. *p < 0.05, ***p < 0.001 as compared with negative control by (a) one-way ANOVA followed
by post-hoc Tukey’s multiple comparison test and (b) Kruskal-Wallis followed by post-hoc Dunn’s multiple
comparison test. (c) Representative images of immunocytochemical staining of human PBMCs with anti-
human ET1 mAb. PBMCs were cultured in the presence or absence of immobilized anti-human CD3 Ab for
28h. Brefeldin A (10 pg/ml) was added to the culture for the last 4h. After fixation with 4% paraformaldehyde
and methanol, DAB staining was performed using anti-hET1 Ab (TR.ET.48.5) or control IgG. Scale bar
represents 20 pm. Similar results (a) and images (c) were obtained in 3 different experiments.

Results

ET-1 production by human PBMCs and murine spleen cells following activation of T cells. T
cells express receptors for some vasoconstriction factors such as angiotensin and 5-hydroxytryptamine!”'8.
Some investigators have used RT-PCR and flow cytometric analysis, and reported that endothelin receptors are
expressed in human peripheral T cells'**. Considering that ET-1 may work in an autocrine or paracrine man-
ner, the T cells themselves or adjacent immunocompetent cells could produce ET-1 and stimulate endothelin
receptors on activated T cells during inflammation. We investigated whether murine immune spleen cells stim-
ulated with immobilized anti-CD3 Ab can produce ET-1 and observed that such cells produced ET-1 in a cell
number-dependent manner (Fig. 1a). Based on this fact, we also tested whether T cell activation could promote
PBMCs from 20 healthy donors to produce ET-1. This human in vitro study also clearly showed that PBMCs,
independent of vascular endothelial cells, produced ET-1 in a manner that was dependent only on the activa-
tion of T cells (Fig. 1b). Furthermore, immunocytochemistry showed that cells that produced ET-1 were present
among PBMCs activated by immobilized anti-CD3 Ab (Fig. 1c).
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Figure 2. Comparison of the production kinetics between IFN-v and ET-1 in the culture supernatant of
PBMC:s stimulated with immobilized anti-CD3 Ab. ET1 production in the culture supernatant of 1 x 10° cells/
well of human PBMCs from a healthy donor cultured with 10 pg/ml immobilized anti-human CD3 Ab. The
culture supernatants at appropriate times were collected and measured by ET-1 or IFN-~ ELISA. Assays were
performed in triplicate wells, and data represent means == SEM. ND = not detected. “P < 0.001 as calculated
compared with negative control (Time 0) by two-way ANOVA followed by post-hoc Sediak’s multiple
comparison test. Similar results were obtained in 3 different experiments.

ET-1 production from monocytes induced by activated T cells via IFN-~yand TNF-c..  To inves-
tigate how ET-1 is produced from PBMCs induced by activated T cells, we compared the production kinetics of
IFN-~ and ET-1 from activated T cell-induced PBMCs. The kinetics of ET-1 production was clearly later than
that of IFN-~ for activation of T cells, suggesting that T cells may induce other immune cells to produce ET-1 in
PBMC:s (Fig. 2).

Based on previous reports showing that ET-1 is synthesized by macrophages and dendritic cells'*-'®, we
focused on monocytes as candidates for the source of ET-1 production. T cells and monocytes were purified
from PBMCs with magnetic beads and separated with a porous membrane (0.4 pm) using the Transwell system.
Purified monocytes in the inner chamber did not produce ET-1 without activated T cells induced by immobilized
anti-CD3 Ab in the outer chamber (see Supplementary Fig. S1). Activation of T cells with immobilized anti-CD3
Ab in the outer chamber induced ET-1 production only by monocytes, and not by T cells, in the inner chamber
(Fig. 3a). Furthermore, ET-1 production was strongly detected in purified monocytes separated with a porous
membrane in the inner chamber by immunofluorescent staining only when T cells were activated with immobi-
lized anti-CD3 Ab in the outer chamber (Fig. 3d). These results indicated that T cells induced monocytes to pro-
duce ET-1, possibly via soluble factors released by T cells upon activation. TNF-a is a key cytokine that induces
ET-1 production from vascular endothelial cells**2. On the other hands, the cytokines produced by T cells that
give rise to macrophages with a phenotype that is distinct from monocytes are [FN-~, TNF-q, IL-4, and IL-10%%%,
We next examined the effect of blocking Abs for these cytokines on this T cell-mediated ET-1 production system
from monocytes. In the inhibition assay using the double chamber system, Abs against TNF-o and IFN-~ par-
tially inhibited ET-1 production from monocytes, whereas Abs against IL-4 and IL-10 did not (Fig. 3b). Moreover,
addition of both Abs blocking IFN-~ and TNF-a completely abolished this ET-1 production from monocytes
(Fig. 3¢). These findings demonstrated that IFN-~ and TNF-a released from activated T cells induced monocytes
to produce ET-1 in human PBMCs.

12-16

ET-1 production from monocytes induced by murine antigen-specific CTL activa-
tion.  Stimulation by immobilized anti-CD3 Ab induces canonical T-cell receptor signaling, which may not
reflect natural T cell activation. Therefore, we next examined whether antigen-specific T cell activation could
induce ET-1 production from monocytes in mice. The tax-specific CTL line we developed recognizes a specific
antigen, Tax11-19 peptide of HTLV-1 restricted with HLA-A2, upon activation in HLA-A2 transgenic HHD
mice?*?°, Tax-specific CTLs and mitomicyn C-treated syngeneic spleen cells from HHD mice were used as
antigen-specific T cells and antigen-presenting cells, respectively. Using magnetic beads, murine monocytes were
purified from bone marrow cells in HHD mice. Bone marrow-derived monocytes in the inner chamber produced
ET-1 only in the presence of antigen-specific activation of CTLs in the outer chamber (Fig. 4a). Furthermore, ET-1
production from monocytes induced by antigen-specific activation of CTLs was also inhibited by anti-IFN-~and
anti-TNF-a Abs (Fig. 4a). Furthermore, from another point of view, to determine whether monocytes can pro-
duce ET-1, we used cells from Tie2-Cre;ETI¥ox mjce that allow conditional deletion of ET-1 using the Cre-loxP
system?”. Because Tie2 is expressed in endothelial cells and hematopoietic stem cells?®, bone marrow-derived
monocytes purified from Tie2-Cre(+ );ET¥1°% mice should not be able to produce ET-1. Antigen-specific
activation of murine CTLs in the outer chamber induced the bone marrow-derived monocytes purified from
Tie2-Cre(—);ET¥/Mx mice, which do not harbor the Tie2 promotor, to produce ET-1 in the upper chamber.
However, ET-1 production was abolished when using cells from Tie2-Cre(+ );ETfo¥/flox mjce in the inner cham-
ber (Fig. 4b). All these findings clearly demonstrated that T cells, upon activation in an antigen-specific manner,
promoted monocytes to produce ET-1 via the soluble factors of IFN-~ and TNF-c.
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Figure 3. The relationship between T cells and monocytes in ET-1 induction with the double chamber

system using human cells. After PBMCs were prepared from 100 ml of whole blood of a volunteer, T cells

and monocytes were purified from human PBMCs with Mini-MACS, respectively. Three million T cells were
stimulated with immobilized anti-CD3 Ab in the outer chamber of the Transwell system (See the schema on
the right of Fig. 3a.). In the inner chamber (a), the number of purified T cells or monocytes with magnetic
beads is shown on the x axis. For panels (b) and (c), 1.5 x 10 purified human monocytes were cultured for
24h. The ET-1 concentration in the supernatant of each culture was measured using ELISA. The concentration
of each blocking Ab used was 30 ug/ml. ND = not detected. The assays were performed in triplicate wells.

Data are expressed as the mean & SEM. *p < 0.05, **p < 0.01, ***p < 0.001 as compared with negative control
with T cells in the inner chamber (a) or positive control (b,c) by one-way ANOVA followed by post-hoc
Tukey’s multiple comparison test. (d) Images of the detection of ET-1 production from monocytes purified
from PBMCs in the inner chamber. The monocytes in the inner chamber were cultured with T cells in the
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outer chamber in the presence or absence of immobilized anti-human CD3 Ab for 28 h. Brefeldin A (10 pg/

ml) was added to the culture for the last 4h. After fixation with 4% paraformaldehyde and 0.5% Triton X-100,
immunofluorescent staining was performed using anti-ET-1 Ab (TR.ET.48.5) with anti-polyclonal mouse
IgG(H 4+ L) conjugated with Alexa Fluor 594 (Red) and anti-human CD14 (1:25 dilution) conjugated with Alexa
Fluor 488 (Green). Nuclei were visualized with DAPI (Blue). Similar results and images were obtained in at least
3 different experiments (a—d).

Discussion

ET-1 is a vasoconstriction factor producing powerful contraction of a range of mammalian blood vessel in vitro,
including human arteries and veins'. In physiological condition, ET-1 synthesized in vascular endothelial cells
plays a role in regulating vascular tones by affecting vascular smooth muscles. On the other hand, with the imple-
mentation of endothelin receptor antagonist in experimental studies, the blockade of ET-1 mediated signaling
with endothelin receptor antagonists reduces the level of inflammation in some animal models of LPS-induced
lung inflammation®, allograft rejection®, antigen-induced arthritis”®, antigen-induced allergic rhinitis'® and
monocrotaline-induced pulmonary artery hypertension''. However, how ET-1 is produced and works in such
inflammation models other than LPS-induced inflammation remains unknown. Especially in allograft rejection,
antigen-induced inflammation and monocrotaline-induced pulmonary artery hypertension models, T cells play
a pivotal role in initiating the adaptive immune response?*~*. In clinical studies, immunosuppressive therapy
is effective in some cases of connective tissue disease-related pulmonary artery hypertension (PAH), and ET-1
could play a key role in its pathogenesis®*-*. In idiopathic and connective tissue disease-associated PAH, the
existence of perivascular infiltrates and lymphoid follicles that include adaptive immune cells around pulmo-
nary arteries is a pathological finding of pulmonary hypertension®-*. Although these experimental, clinical and
pathological studies suggest that the ET-1 production system may be modulated by immune cells, the results are
conflicting, and evidence for such actions is largely indirect. Thus, we hypothesized that T cells might induce ET-1
production in immune cells. The present study provides clear evidence regarding a potential role for activated T
cells to induce the production of ET-1 as a pressor factor from monocytes in both humans and mice.

Endothelin receptors were expressed in T cells?’. Because ET-1 is considered to act in an autocrine/paracrine
manner, endothelin receptors on T cells could be affected by T cells themselves or adjacent immune cells. ET-1
was not detected in the culture supernatant of immobilized anti-CD3 Ab-stimulated T cells (Fig. 3a), whereas
both human PBMCs and murine spleen cells stimulated with immobilized anti-CD3 Ab produced significant
levels of ET-1 (Fig. 1a,b). Using immunocytochemistry, we also confirmed the existence of ET-1-producing
cells among PBMCs stimulated with immobilized anti-CD3 Ab (Fig. 1c). These results indicated that a vascu-
lar endothelial cell-independent ET-1 production system can emerge following activation of T cells in human
PBMCs and murine spleen cells. Although the primary source of ET-1 synthesis is regarded as vascular endothe-
lial cells, the peptide is produced by other cell types including epithelial cells in the lung, kidney, and colon!40-42
and the choroid plexus and reactive glial cells in the brain****. Among immune cells, ET-1 synthesis is detected
in macrophages'>™* and dendritic cells's. However, little is known about the induction mechanism of ET-1 pro-
duction by immune cells other than the lipopolysaccharides-activation system of macrophages!? and the puta-
tive autocrine loop mechanism in dendritic cells'®. To determine how activated T cells could induce immune
cells to produce ET-1, we focused on monocytes as a candidate cell type for ET-1-producing immune cells and
purified each population of T cells and monocytes with magnetic beads from human PBMCs or murine bone
marrow cells. Using the Transwell system, purified T cells, upon activation with immobilized anti-CD3 Ab in the
outer chamber, induced monocytes in the inner chamber to produce ET-1 (Fig. 3a, Supplementary Figure S1).
Induction of ET-1 production in this noncontact system indicates the existence of soluble mediator molecules
between T cells and monocytes. Monocytes/macrophages are highly plastic cells that adopt a variety of activa-
tion states. They are broadly divided into classically activated, wound healing, and regulatory macrophages. The
important inducers are IFN-~ and TNF-q, IL-4 and IL-10, respectively?***. Assays using Abs that inhibit these
cytokines demonstrated that IFN-~ and TNF-a may be key cytokines for directing monocytes to produce ET-1
as well as induction of classically activated macrophages (Fig. 3b,c, Fig. 4a). Furthermore, in addition to artificial
stimulation with immobilized anti-CD3 Ab, antigen-specific activation of cytotoxic T cells led to induction of
ET-1 production from bone marrow-derived monocytes in mice, and this induction was blocked by anti-IFN-~
and anti-TNF-a Abs in the Transwell system (Fig. 4a). Since IFN-~ and TNF-a are cytokines produced from
CTLs or Th1 cells, we suggest that ET-1 is usually produced during Th1 inflammation and adaptive immunity.

Tie2 is a critical molecule in the development of endothelial cells and hematopoietic stem cells?®. ET 1/
flox. Tie2-Cre mice, which harbor the Tie2 promotor, are conditionally deficient in ET-1 production in endothelial
cells and immune cells derived from hematopoietic stem cells?’. The monocytes purified from bone marrow cells in
ET1%¥/1ox Tie2-Cre mice lost the ability to produce ET-1, but this was not seen in ET1%¥+;Tie2-Cre and ET110x/flox;
Tie2-Cre(—) mice (Fig. 4b). These results also provide evidence for the existence of an ET-1 production system in
monocytes induced by T cells upon activation.

The current study suggests that not only acquired immunity may have a potential to directly affect the cir-
culatory system with the newly discovered T cell-mediated ET-1 production mechanism, but also the signal
transfer via IFN-~ and TNF-« from T cells to monocytes could play a key role in the regulation of such an
immune-mediated ET-1 production system.

In the final part of our study, we focused on the relationship between T cell activation and ET-1 in humans and
mice. However, the details of how and where ET-1 is released from monocytes in the immune system are unclear.
Further studies will be needed to clarify the physiological and pathological role of the T cell-induced ET-1 pro-
duction system within the immune system.
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Figure 4. Effect of antigen-specific activation of T cells on monocytes in mice. Three million Tax11-19-specific
CTLs were stimulated with 4 x 10° mitomycin C-treated syngeneic spleen cells from HHD mice in the presence
or absence of 0.1 uM Tax11-19 peptide as an antigen (Ag) in the outer chamber. In the inner chamber, after bone
marrow cells were prepared from 4 mice of femurs in each strain, 1.5 x 10° /well of monocytes purified with
Mini-MACS from bone marrow cells of (a) HHD mice and (b) ET1%9%, Tie2-Cre(+), ET110¥+;Tie2-Cre(+),
and ET1%¥10xTie2-Cre(—) mice were cultured for 24 h. The concentration of each blocking Ab used was 30 pg/
ml. ND =not detected. The assays were performed in triplicate wells. Data are expressed as the mean & SEM.
**%p < 0.001 as compared with positive (a) or negative (b) control by one-way ANOVA followed by post-hoc
Tukey’s multiple comparison test. Similar results were obtained in two experiments (a,b).

Materials and Methods

Mice. Transgenic HHD-2 mice (gift from Dr. Frangois Lemonnier, Institute Pasteur, Paris, France) were bred
in our colony at the Institute of Experimental Animals at St. Marianna University. HHD-2 mice are character-
ized by knock-out of the murine (3,-microglobulin gene, as well as murine H-2DP, plus transgenic expression of
human HLA-A2.1 with covalently linked human (3,-microglobulin and a murine D"-derived a3 domain to allow
interaction with mouse CD8%. A tax-specific cytotoxic T lymphocyte (CTL) line was developed from HHD mice.
Antigen-specific CTLs recognize the specific antigen of the Tax11-19 peptide of HTLV-1, LLEGYPVYV?.

Generation of tyrosine kinase with immunoglobulin and epidermal growth factor homology
domains-2 (Tie2)-Cre(+ );ET /X mice. B6.Cg-Ednl <tm1Ywa> (ET"°* transgenic) mice harbor a
transgene with loxP sites flanking exon 2 of the ET1 gene®. B6.Cg-Tg(Tek-cre)1Ywa (Tie2-Cre transgenic) mice
express the Cre recombinase gene under the control of the mouse Tek(Tie2) promoter*. Both mouse strains
were provided by RIKEN Bioresource Center (Tsukuba, Japan). Tie2-Cre( + );ET1/1* mice were obtained from
crossbreeding these two transgenic lines. To confirm establishment of Tie2-Cre(+);ET"¥#* mice, genomic DNA
was prepared from earlobe biopsies from postnatal day 21 mice and used for genotyping with PCR analysis®’.

Murine spleen cells and bone marrow cells. All animal studies were approved by the Institute of
Experimental Animals Committee at St. Marianna University and the methods in these studies were carried out in
accordance with the approved guideline. The murine spleen was removed, the tissue was disrupted, red blood cells
were lysed with osmotic lysis, and the single cell suspension was passed through a 70-pum sterile cell strainer. Murine
bone marrow cells were obtained from the femur by flushing the shaft with buffer using a syringe with a 25 G needle.
After obtaining a single-cell suspension by gently pipetting several times, the cells were passed through a cell strainer
to remove cell clumps that may clog the column. Cells were washed with PBS (300 x g for 10 minutes) three times.

Human peripheral blood mononuclear cells (PBMCs).  Peripheral blood samples from 20 healthy volun-
teers who provided informed and written consent following permission from the institutional review board at St.
Marianna University were used for preparation of PBMCs, which were isolated using Lympholyte-H (CEDARLANE,
Canada). All methods using PBMCs in human studies were carried out in accordance with the approved guidelines.

Cell separation. Immune cells including both human and murine total T cells and monocytes were sorted
by negative selection on a Mini-MACS with a cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions. The efficiency of cell purification was ~95% confirmed by
flow-cytometric analysis in each cell purification kit.

IFN-~ and ET-1 ELISA. IFN-~vand ET-1 in the culture supernatant that was harvested at appropriate times
were determined using an ELISA kit (R&D, Minneapolis, MN) according to the manufacturer’s instructions.
Values of all samples were expressed as means + SEM of triplicate measurements.

Antibodies. Anti-human cytokine blocking Abs were purchased as follows: IFN-v and tumor necro-
sis factor-alpha (TNF-«) from eBioscience Inc. (San Diego, CA), interleukin (IL)-4 from U-cytech (Utrecht,
Netherland), and IL-10 from Diaclone (Besangon Cedex, France). Anti-murine IFN-+ and TNF-a blocking Abs
were purchased from Thermo Scientific (Waltham, MA) and R&D Systems, respectively.
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Immunocytochemistry. ET-1 expression was assessed with immunocytochemistry. PBMCs collected from
the culture were prepared on cytospin slides. After fixation with 4% paraformaldehyde and methanol, immu-
nocytochemistry staining was carried out. After blocking with 10% human serum in Block Ace (DS Pharma
Biomedical, Osaka, Japan), PBMCs were incubated with diluted primary Abs (anti-ET1 mAb (TR.ET.48.5) 1:200)
overnight at 4 °C. Immunodetection was performed using diluted secondary anti-mouse IgG1 Ab conjugated
to horseradish peroxidase (1:1,000, Bethyl Laboratories, Montgomery, TX). Visualization was carried out with
the Liquid DAB + Substrate Chromogen System (DAKO, Santa Clara, CA). Images were taken using a BZ-9000
fluorescence microscope (KEYENCE, Osaka, Japan).

In the study using Transwell system, after co-cultured with T cells with or without immobilized anti-CD3 Ab
in the outer chamber, monocytes collected from the inner chamber were prepared on cytospin slide. After fixation
with 4% paraformaldehyde and 0.5% Triton X-100, immunofluorescence was performed using the following anti-
bodies: anti-ET1 mAb (TR.ET.48.5, 1:400 dilution) and Alexa Fluor 594-conjugated anti-mouse IgG(H+L) (1:300
dilution) (Jackson ImmunoReseach Inc., West Grove, PA). Cells were incubated in primary antibody diluted in Can
Get Signal immunostain (TOYOBO, Osaka, Japan) at 4°C overnight. After rinsing thrice with PBS(—), Alexa Fluor
594-conjugated secondary antibody was used for detection. Alexa Fluor 488-conjugated anti-human CD14 (1: 25
dilution) (BioLegend, San Diego, CA) was subsequently used for double staining. After four additional PBS washes,
cells were stained with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, St. Louis, MO). Images were taken
using a BZ-9000 fluorescence microscope (KEYENCE, Osaka, Japan).

Statistical analysis. All of the detection experiments using ELISA were performed in triplicate, and the data
were expressed as the mean = SEM and were analyzed using Graph Pad Prism V.6.0 (San Diego, CA). We used
one-way ANOVA followed by post-hoc Tukey’s multiple comparison test in Figs 1a, 3a,b, 4a and b. In Fig. 1b, based
on the result by D’Agostino & Pearson omnibus normality test, we used Kruskal-Wallis followed by post-hoc Dunn’s
multiple comparison test. Two-way ANOVA was performed in Fig. 2. Significance was accepted as p < 0.05.

References

1. Davenport, A. P. et al. Endothelin. Pharmacological reviews 68, 357-418, https://doi.org/10.1124/pr.115.011833 (2016).

2. Yanagisawa, M. et al. A novel potent vasoconstrictor peptide produced by vascular endothelial cells. Nature 332, 411-415 (1988).

3. Kedzierski, R. M. & Yanagisawa, M. Endothelin system: the double-edged sword in health and disease. Annu Rev Pharmacol Toxicol
41, 851-876 (2001).

4. Maguire, J. J. & Davenport, A. P. Endothelin receptors and their antagonists. Seminars in nephrology 35, 125-136, https://doi.
0rg/10.1016/j.semnephrol.2015.02.002 (2015).

5. Sampaio, A. L., Rae, G. A. & Henriques, M. Effects of endothelin ETA receptor antagonism on granulocyte and lymphocyte
accumulation in LPS-induced inflammation. J Leukoc Biol 76, 210-216 (2004).

6. Lattmann, T. ef al. Activation of pro-inflammatory and anti-inflammatory cytokines in host organs during chronic allograft
rejection: role of endothelin receptor signaling. Am J Transplant 5, 1042-1049 (2005).

7. Imhof, A. K. et al. Potent anti-inflammatory and antinociceptive activity of the endothelin receptor antagonist bosentan in
monoarthritic mice. Arthritis Res Ther 13, R97 (2011).

8. Donate, P. B. et al. Bosentan, an endothelin receptor antagonist, ameliorates collagen-induced arthritis: the role of TNF-alpha in the
induction of endothelin system genes. Inflammation research: official journal of the European Histamine Research Society. [et al.] 61,
337-348, https://doi.org/10.1007/s00011-011-0415-5 (2012).

9. Guo, Y. et al. Endothelin-1 overexpression exacerbate experimental allergic encephalomyelitis. Journal of neuroimmunology 276,
64-70, https://doi.org/10.1016/j.jneuroim.2014.08.616 (2014).

10. Tatar, A. et al. The role of endothelin-1 and endothelin receptor antagonists in allergic rhinitis inflammation: ovalbumin-induced rat
model. Rhinology, doi:https://doi.org/10.4193/Rhin15.059 (2016).

11. Fontoura, D. et al. Myocardial and anti-inflammatory effects of chronic bosentan therapy in monocrotaline-induced pulmonary
hypertension. Revista portuguesa de cardiologia: orgao oficial da Sociedade Portuguesa de Cardiologia = Portuguese journal of
cardiology: an official journal of the Portuguese Society of Cardiology 33, 213-222, https://doi.org/10.1016/j.repc.2013.09.016 (2014).

12. Ehrenreich, H. et al. Endothelins, peptides with potent vasoactive properties, are produced by human macrophages. The Journal of
experimental medicine 172, 1741-1748 (1990).

13. Wahl, J. R. et al. Murine macrophages produce endothelin-1 after microbial stimulation. Experimental biology and medicine
(Maywood, N.J.) 230, 652-658 (2005).

14. McKenna, S. et al. Endotoxemia Induces IkappaBbeta/NF-kappaB-Dependent Endothelin-1 Expression in Hepatic Macrophages. |
Immunol 195, 3866-3879, https://doi.org/10.4049/jimmunol.1501017 (2015).

15. Sun, G. et al. Functional analysis of the preproendothelin-1 gene promoter in pulmonary epithelial cells and monocytes. Biochemical
and biophysical research communications 221, 647-652, https://doi.org/10.1006/bbrc.1996.0650 (1996).

16. Guruli, G. et al. Function and survival of dendritic cells depend on endothelin-1 and endothelin receptor autocrine loops. Blood 104,
2107-2115, https://doi.org/10.1182/blood-2003-10-3559 (2004).

17. Maeda, A. et al. Inmunosuppressive effect of angiotensin receptor blocker on stimulation of mice CTLs by angiotensin II. Int
Immunopharmacol 9, 1183-1188 (2009).

18. Inoue, M. et al. Regulation of antigen-specific CTL and Th1 cell activation through 5-Hydroxytryptamine 2 A receptor. Int
Immunopharmacol 11, 67-73 (2011).

19. Gunther, J. et al. Angiotensin receptor type 1 and endothelin receptor type A on immune cells mediate migration and the expression
of IL-8 and CCL18 when stimulated by autoantibodies from systemic sclerosis patients. Arthritis Res Ther 16, R65, https://doi.
org/10.1186/ar4503 (2014).

20. Elisa, T. et al. Endothelin Receptors Expressed by Immune Cells Are Involved in Modulation of Inflammation and in Fibrosis:
Relevance to the Pathogenesis of Systemic Sclerosis. Journal of immunology research 2015, 147616, https://doi.
org/10.1155/2015/147616 (2015).

21. Corder, R., Carrier, M., Khan, N., Klemm, P. & Vane, J. R. Cytokine regulation of endothelin-1 release from bovine aortic endothelial
cells. Journal of cardiovascular pharmacology 26(Suppl 3), S56-58 (1995).

22. Kahaleh, M. B. & Fan, P. S. Effect of cytokines on the production of endothelin by endothelial cells. Clinical and experimental
rheumatology 15, 163-167 (1997).

23. Mosser, D. M. & Edwards, J. P. Exploring the full spectrum of macrophage activation. Nature reviews. Immunology 8, 958-969,
https://doi.org/10.1038/nri2448 (2008).

24. Wynn, T. A., Chawla, A. & Pollard, J. W. Macrophage biology in development, homeostasis and disease. Nature 496, 445-455,
https://doi.org/10.1038/nature12034 (2013).

SCIENTIFICREPORTS | 7: 14500 | DOI:10.1038/s41598-017-14202-5 7


http://dx.doi.org/10.1124/pr.115.011833
http://dx.doi.org/10.1016/j.semnephrol.2015.02.002
http://dx.doi.org/10.1016/j.semnephrol.2015.02.002
http://dx.doi.org/10.1007/s00011-011-0415-5
http://dx.doi.org/10.1016/j.jneuroim.2014.08.616
http://dx.doi.org/10.4193/Rhin15.059
http://dx.doi.org/10.1016/j.repc.2013.09.016
http://dx.doi.org/10.4049/jimmunol.1501017
http://dx.doi.org/10.1006/bbrc.1996.0650
http://dx.doi.org/10.1182/blood-2003-10-3559
http://dx.doi.org/10.1186/ar4503
http://dx.doi.org/10.1186/ar4503
http://dx.doi.org/10.1155/2015/147616
http://dx.doi.org/10.1155/2015/147616
http://dx.doi.org/10.1038/nri2448
http://dx.doi.org/10.1038/nature12034

www.nature.com/scientificreports/

25. Kitazono, T. et al. Advantage of higher-avidity CTL specific for Tax against human T-lymphotropic virus-1 infected cells and tumors.
Cell Immunol 272, 11-17 (2011).

26. Pascolo, S. et al. HLA-A2.1-restricted education and cytolytic activity of CD8(+ ) T lymphocytes from beta2 microglobulin
(beta2m) HLA-A2.1 monochain transgenic H-2Db beta2m double knockout mice. The Journal of experimental medicine 185, 2043-
2051 (1997).

27. Kisanuki, Y. Y. et al. Low blood pressure in endothelial cell-specific endothelin 1 knockout mice. Hypertension 56, 121-128, https://
doi.org/10.1161/HYPERTENSIONAHA.109.138701 (2010).

28. Takakura, N. et al. Critical role of the TIE2 endothelial cell receptor in the development of definitive hematopoiesis. Immunity 9,
677-686 (1998).

29. Marino, J., Paster, J. & Benichou, G. Allorecognition by T Lymphocytes and Allograft Rejection. Frontiers in immunology 7, 582,
https://doi.org/10.3389/fimmu.2016.00582 (2016).

30. Andersson, S. E., Lexmuller, K., Alving, K. & Ekstrom, G. M. Periarticular tissue levels of cytokine- and endothelin-1-like
immunoreactivity during the course of antigen-induced arthritis in the rat. Inflammation research: official journal of the European
Histamine Research Society... [et al.] 48, 491-496, https://doi.org/10.1007/s000110050492 (1999).

31. Guo, C,, Chen, G. & Ge, R. IL-23, rather than IL-17, is crucial for the development of ovalbumin-induced allergic rhinitis. Molecular
immunology 67, 436-443, https://doi.org/10.1016/j.molimm.2015.07.009 (2015).

32. Cuttica, M. J. et al. Perivascular T-cell infiltration leads to sustained pulmonary artery remodeling after endothelial cell damage.
American journal of respiratory cell and molecular biology 45, 62-71, https://doi.org/10.1165/rcmb.2009-03650C (2011).

33. Giaid, A. et al. Expression of endothelin-1 in the lungs of patients with pulmonary hypertension. The New England journal of
medicine 328, 1732-1739 (1993).

34. Sanchez, O,, Sitbon, O,, Jais, X., Simonneau, G. & Humbert, M. Inmunosuppressive therapy in connective tissue diseases-associated
pulmonary arterial hypertension. Chest 130, 182-189, https://doi.org/10.1378/chest.130.1.182 (2006).

35. Jais, X. et al. Inmunosuppressive therapy in lupus- and mixed connective tissue disease-associated pulmonary arterial hypertension:
a retrospective analysis of twenty-three cases. Arthritis Rheum 58, 521-531, https://doi.org/10.1002/art.23303 (2008).

36. Miyamichi-Yamamoto, S. et al. Intensive immunosuppressive therapy improves pulmonary hemodynamics and long-term prognosis
in patients with pulmonary arterial hypertension associated with connective tissue disease. Circulation journal: official journal of the
Japanese Circulation Society 75, 2668-2674 (2011).

37. Stacher, E. et al. Modern age pathology of pulmonary arterial hypertension. Am J Respir Crit Care Med 186, 261-272, https://doi.
org/10.1164/rccm.201201-01640C (2012).

38. Rabinovitch, M., Guignabert, C., Humbert, M. & Nicolls, M. R. Inflammation and immunity in the pathogenesis of pulmonary
arterial hypertension. Circ Res 115, 165-175, https://doi.org/10.1161/circresaha.113.301141 (2014).

39. Perros, E et al. Pulmonary lymphoid neogenesis in idiopathic pulmonary arterial hypertension. Am J Respir Crit Care Med 185,
311-321, https://doi.org/10.1164/rccm.201105-09270C (2012).

40. Rozengurt, N., Springall, D. R. & Polak, J. M. Localization of endothelin-like immunoreactivity in airway epithelium of rats and
mice. The Journal of pathology 160, 5-8, https://doi.org/10.1002/path.1711600104 (1990).

41. Zeidel, M. L., Brady, H. R., Kone, B. C,, Gullans, S. R. & Brenner, B. M. Endothelin, a peptide inhibitor of Na(+ )-K(+)-ATPase in
intact renaltubular epithelial cells. The American journal of physiology 257, C1101-1107 (1989).

42. Takahashi, K. et al. Endothelin in the gastrointestinal tract. Presence of endothelinlike immunoreactivity, endothelin-1 messenger
RNA, endothelin receptors, and pharmacological effect. Gastroenterology 99, 1660-1667 (1990).

43. Jiang, M. H., Eriksson, L. & Olsson, Y. Immunohistochemical evidence of endothelin-1 in human choroid plexus. Acta
neuropathologica 84, 457-460 (1992).

44. MacCumber, M. W,, Ross, C. A. & Snyder, S. H. Endothelin in brain: receptors, mitogenesis, and biosynthesis in glial cells. Proc Natl
Acad Sci USA 87, 2359-2363 (1990).

45. Shohet, R. V. et al. Mice with cardiomyocyte-specific disruption of the endothelin-1 gene are resistant to hyperthyroid cardiac
hypertrophy. Proc Natl Acad Sci USA 101, 2088-2093, https://doi.org/10.1073/pnas.0307159101 (2004).

46. Kisanuki, Y. Y. et al. Tie2-Cre transgenic mice: a new model for endothelial cell-lineage analysis in vivo. Developmental biology 230,
230-242, https://doi.org/10.1006/dbio.2000.0106 (2001).

Acknowledgements
This study was supported in part by a grant-in-aid from the Ministry of Health, Labor, and Welfare of Japan. We
would like to thank Toshiko Sato and Mayumi Tamaki for technical assistance provided during the study.

Author Contributions

S.S. and MLI. performed data analysis and prepared manuscript. T.O. helped prepare the manuscript, managed
data collection. K.Y. assisted in analysis and interpretation. Y.Y.K. and M.Y. assisted the development of
conditional knockout mice. T.O., K.K, and S.O. conceived of and designed the study. All authors reviewed and
contributed to the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-14202-5.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 14500 | DOI:10.1038/s41598-017-14202-5 8


http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.138701
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.138701
http://dx.doi.org/10.3389/fimmu.2016.00582
http://dx.doi.org/10.1007/s000110050492
http://dx.doi.org/10.1016/j.molimm.2015.07.009
http://dx.doi.org/10.1165/rcmb.2009-0365OC
http://dx.doi.org/10.1378/chest.130.1.182
http://dx.doi.org/10.1002/art.23303
http://dx.doi.org/10.1164/rccm.201201-0164OC
http://dx.doi.org/10.1164/rccm.201201-0164OC
http://dx.doi.org/10.1161/circresaha.113.301141
http://dx.doi.org/10.1164/rccm.201105-0927OC
http://dx.doi.org/10.1002/path.1711600104
http://dx.doi.org/10.1073/pnas.0307159101
http://dx.doi.org/10.1006/dbio.2000.0106
http://dx.doi.org/10.1038/s41598-017-14202-5
http://creativecommons.org/licenses/by/4.0/

	T cells upon activation promote endothelin 1 production in monocytes via IFN-γ and TNF-α

	Results

	ET-1 production by human PBMCs and murine spleen cells following activation of T cells. 
	ET-1 production from monocytes induced by activated T cells via IFN-γ and TNF-α. 
	ET-1 production from monocytes induced by murine antigen-specific CTL activation. 

	Discussion

	Materials and Methods

	Mice. 
	Generation of tyrosine kinase with immunoglobulin and epidermal growth factor homology domains-2 (Tie2)-Cre( + )ETflox/flox ...
	Murine spleen cells and bone marrow cells. 
	Human peripheral blood mononuclear cells (PBMCs). 
	Cell separation. 
	IFN-γ and ET-1 ELISA. 
	Antibodies. 
	Immunocytochemistry. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 ET-1 production by immune cells following anti-CD3 Ab-mediated activation of T cells in murine spleen cells and human PBMCs.
	Figure 2 Comparison of the production kinetics between IFN-γ and ET-1 in the culture supernatant of PBMCs stimulated with immobilized anti-CD3 Ab.
	Figure 3 The relationship between T cells and monocytes in ET-1 induction with the double chamber system using human cells.
	Figure 4 Effect of antigen-specific activation of T cells on monocytes in mice.




